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PREFACE 


For  many  years  the  United  States  has  found  itself  in  the  position  of  an 
exporter  of  advanced  technology  and  know-how  to  Western  Europe,  Japan,  and  the 
USSR,  and  held  a  position  of  prominence  in  a  number  of  scientific  and  technical 
areas.  However,  it  has  become  quite  clear  in  recent  years  that  this  enviable 
position  has  been  seriously  challenged  by  many  nations,  and  that  the  United 
States  cannot  disregard  the  rapidly  developing  foreign  science  and  technology. 

It  is  further  clear  that  this  technological  and  scientific  competence  will  con¬ 
tinue  to  increase  and  that  the  United  States  should  view  foreign  science  as  a 
new  "resource"  which  should  be  tapped  to  help  stimulate  its  own  science  and 
technological  innovations . 

In  the  field  of  thermophysical  and  electronic  properties  information  there 
is  a  wealth  of  knowledge  generated  abroad  that  is  needed  in  the  United  States. 

One  of  the  vital  functions  of  Information  Analysis  Centers  such  as  TEPIAC/CINDAS 
is  to  seek  out  such  information  and  to  translate  the  results  into  a  form  readily 
usable  by  our  own  engineers  and  scientists  who  are  not  particularly  renowned 
for  their  versatility  and  facility  in  foreign  languages.  Otherwise,  much  valu¬ 
able  knowledge  may  go  unused  by  default  because  of  our  failure  to  absorb  it 
properly  into  our  technology.  Based  on  the  records  maintained  at  TEPIAC,  it 
is  estimated  that  in  the  areas  of  thermophysical  and  electronic  properties  the 
dollar  value  of  the  output  of  the  rest  of  the  world  is  of  the  same  order  of 
magnitude  as  that  of  the  United  States.  Hence,  it  would  behoove  us  to  diligently 
seek  out  this  Information  on  a  systematic  basis  and  thus  double  the  financial 
resources  allocated  for  this  purpose  by  the  private  sector  and  the  Federal 
government.  The  cost  of  securing  and  processing  this  information  would  be  only 
a  tiny  fraction  of  the  value  received  in  research  dollars  and  trained  manpower. 

The  seven  translations  listed  in  this  report  were  prepared  at  CINDAS  after 
it  was  concluded  that  no  English  translations  were  currently  available  within 
the  USA.  In  this  effort,  the  editorial  assistance  provided  by  Mr.  B.  Bentsen 
is  gratefully  acknowledged. 
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ABSTRACT 

By  utilizing  the  method  of  modulated  incident  flux,  one  measures  the  mono¬ 
chromatic  component  of  reflection  in  the  infrared  and  visible  region.  One  can 
then  deduce  the  emissivity  and  demonstrate  the  need  for  correcting  the  values 
cited  in  the  literature. 

1.  The  utilization  of  U02  in  a  reactor  necessitates  calculations  to 
enable  the  control  of  the  temperature  of  the  material.  To  calculate  the  heat 
transfer  by  radiation,  and  make  temperature  measurements  by  optical  pyrometry, 
one  must  know  the  emissivity  of  the  surface  of  U0?  at  high  temperatures. 

Few  values  have  been  published;  according  to  [1],  the  monochromatic  emis¬ 
sivity  in  the  visible  decreases  from  0.85  at  room  temperature  to  0.37  at  2000 
K  [2].  We  will  show  that  our  results  do  not  agree  with  these  and  that  the 
method  used  in  [1]  is  very  dangerous  and  risky  and  introduces  important  sys¬ 
tematic  errors. 

2.  Below  a  few  tenths  of  a  millimeter  of  thickness  annealed  U02  samples 
are  not  at  all  transparent  in  the  visible  and  infrared  [3],  so  one  can  deduce 

from  the  monochromatic  reflectivity  P0:  e  ■  1  -  PQ.  Since  it  is  easy  to 
carefully  polish  the  surface  of  annealed  U02 ,  one  can  obtain  a  specular  reflec¬ 
tion  that  one  can  easily  measure  [4]. 

Using  the  method  of  modulated  incident  flux,  [5]  one  can  eliminate  the 
errors  that  result  from  surface  temperature  measurement. 

The  samples  were  cut  and  formed  into  small  rectangular  rods  (2.5  x  3.5  x 
3.5  mm)  with  one  face  polished.  They  were  heated  by  Joulian  effect  in  an  at¬ 
mosphere  of  argon  or  hydrogen.  A  window  of  NaCl  was  placed  on  top  of  the 
heating  chamber  to  permit  the  measurement  of  p^  similar  to  the  apparatus  des¬ 
cribed  in  [5]. 

♦Meeting  of  November  28,  1966. 


Figure  1  gives  the  values  of  eo  in  the  spectral  region  7000-17000  cm-1 
(14  >  X  <  0.6  pm)  at  300,  1200,  and  1600  K.  At  room  temperature  our  results 
are  in  agreement  with  those  of  [1]  but  we  observe  at  high  temperatures  that  pQ 
decreases  and  increases  slightly. 

Figure  2  gives  the  variation  of  pQ  with  T  in  the  visible  red  (O  ■  15300 
cm-1,  X  «  0.65  pm)  and  the  infrared  (0  *  2900  cm”1,  3.5  pm).  The  influence  of 
the  argon  atmosphere  or  hydrogen  is  not  detectable.  The  values  obtained  with 
samples  of  three  annealings  were  the  same. 

Figure  3,  which  gives  the  values  of  pQ  of  one  sample,  shows  that  the  sur¬ 
face  does  not  follow  the  same  course  of  measurement  at  high  temperatures  (the 
experiment  points  are  numbered  in  the  order  in  which  they  were  obtained) . 

As  does  not  vary  much  with  the  frequency  0,  one  can  calculate  the  total 
emissivity  e with  sufficiently  good  precision,  and  finds  that 

eT  0.86  0.90  0.902 

T(°K)  300  1200  1600 

3.  The  disagreement  between  our  results  and  those  of  [1]  can  be  explained 
in  our  opinion,  by  important  systematic  errors  that  were  introduced  in  the  meth 
ods  of  measuring  by  luminescence. 

In  [1]  in  the  first  measurement,  a  sample  of  U02  was  supported  by  a  thin 
wire  of  tungsten  and  heated  in  vacuum  by  induction  in  a  tube  of  graphite.  eQ 
is  deduced  from  the  luminescence  of  U02  and  tungsten.  The  difference  between 
the  two  surface  temperatures  introduces  an  important  error  in  the  low  emissi¬ 
vity  of  tungsten  e^.  In  the  second  measurement,  a  small  piece  of  polished  U02 , 
consisting  of  powdered  U02  is  heated  in  a  graphite  enclosure.  is  deduced 

by  the  luminescense  of  the  surface  of  U02  and  the  cavity. 

A  temperature  difference  of  250  K  between  the  surface  and  the  cavity  can 
explain  the  discrepancy  between  the  value  of  0.40  cited  in  [1]  and  that  of  0.94 
which  we  found.  Such  a  difference  in  temperature  is  not  at  all  abnormal  be¬ 
cause  the  thermal  conductivity  of  U0?  is  not  very  large  and  the  surface  in 
which  one  measures  the  luminescence  radiates  to  a  high  degree. 


Specimen 
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INFLUENCE  OF  MODIFIERS  ON  THE  PROPERTIES  AND  STRUCTURE 
OF  CAST  IRON  IN  LIGHT  OF  THE  ELECTRON  THEORY  OF  METALS 

V.F.  Sumtsov  and  R.G.  Nemirovskii 

Liteinoe  Proizvod.,  (1),  18-19,  1975 


Nearly  every  known  element-nodularizers  of  graphite  in  cast  iron  have 
a  smaller  magnitude  of  electronegativity  in  comparison  with  others,  i.e., 
they  can  easily  give  up  their  own  valence  electrons  which  is  confirmed  by 
the  small  ionization  potential  of  the  nodularizing  element.  Therefore,  it 
is  proposed  that  the  graphite-nodularizing  elements  during  admission  into 
cast  iron  give  off  the  electrons  into  the  total  electron  fraction  of  the 
alloy  which  then  must  increase.  Some  physical  properties  of  the  metals  (Hall 
effect,  thermionic  emission)  are  explained  by  the  presence  of  free  electrons. 
Therefore,  for  an  analysis  of  the  influence  of  the  elements  on  the  electron 
structure  of  cast  iron,  the  variation  of  the  physical  characteristics  cited 
during  admission  of  modifiers  into  cast  iron:  magnesium  and  FTsM-5  alloy, 
and  for  comparison,  the  alloying  elements  A1  and  Cr,  were  studied. 

The  influence  on  the  Hall  effect  of  the  modifiers  was  studied  in  cast 
iron  having  3.35%  C;  0.54%  Mn;  2.04%  Si;  0.35%  P  and  0.087%  S.  Sample  plate¬ 
lets  of  2-3  mm  thickness  were  cast  into  graphite  molds  and  annealed  for  10 
hours  at  950°C.  The  annealed  flakes  were  polished  to  thickness  t  of  0.35  to 
0.65  mm  and  cut  into  specimens  for  the  investigation. 

The  apparatus  for  measuring  the  Hall  effect  (Fig.  1)  permitted  one  to 
measure  the  emf  with  an  accuracy  up  to  10-6  V.  In  it  are  the  voltage  stabi¬ 
lizer  1,  autotransformers  2,  3,  rectifiers  4,  5,  ammeters  6,  7,  reversing 
switches  8,  9,  electromagnets  10,  variable  resistor  11,  sample  12,  and  poten¬ 
tiometer  13.  For  stabilization  of  the  temperature  of  the  samples,  the  sample 
was  put  into  a  bath  of  flowing  transformer  oil.  The  Hall  potential  Ex  of  each 
sample  was  measured  8  times:  for  two  values  of  forward  and  reverse  current 
directions,  and  two  directions  of  the  magnetic  induction.  The  variation  of 
the  current  was  in  the  range  of  20-60  amps,  and  of  the  magnetic  induction  B, 
from  0.19  to  0.26  Teslas.  The  results  of  the  eight  observations  were  averaged 
in  order  to  exclude  all  stray  potentials  in  the  specimen.  Subsequently  the 
value  of  the  normal  Hall  coefficient  was  calculated.  Simultaneously,  the  mic- 


! 


restructure  of  the  sample  and  the  effect  of  the  admission  of  the  modifiers  on 
it  was  appraised.  The  Hall  coefficient  was  determined  according  to  the  rela¬ 
tion, 

R  =  E  •  t 

o  _ 

J  •  B 

In  this  the  maximum  root  mean  square  error,  Sn  *  0.047.  A  confidence  in¬ 
terval  was  determined  for  the  closest  to  each  other  values  of  RQ  with  a  confi¬ 
dence  probability,  a  -  0.95.  It  proved  to  be  equal  to  Ax  =  0.04.  Analysis  of 
the  values  of  the  Hall  coef f icientof  the  samples  showed  that  the  results  obtain¬ 
ed  can  be  considered  reliable  with  a  probability  of  a  =  0.95. 

Figure  2  shows  the  influence  of  the  modifiers  and  alloying  elements  on  the 
magnitude  of  the  Hall  coefficient  in  cast  iron.  Apparently,  introduction  of  Mg 
and  Ce  into  cast  iron  reduced  the  value  of  the  Hall  coefficient  but  the  addi¬ 
tion  of  A1  or  Cr,  on  the  other  hand,  increased  it.  Inasmuch  as  R0  is  inversely 
proportional  to  the  volume  of  the  concentration  of  the  current  carriers,  we 
concluded  that  Mg  and  Ce  Increases  the  electron  conductivity  number  in  cast  iron 
but  A1  and  Cr  decreases  it.  Analysis  of  the  microstructure  of  the  samples  re¬ 
vealed  that  in  the  initial  cast  iron  the  graphite  had  a  flake-like  form;  in 
cast  iron  containing  0.01%  Mg,  the  form  of  the  graphite  remained  more  compact, 
but  with  0.03%  and  higher  Mg,  well-formed  modules  were  produced.  The  very  same 
occurred  during  the  addition  in  cast  iron  of  the  alloy  FTsM-5:  A  sample  with 
0.025%  Ce  had  compact  graphite,  but  in  samples  with  0.04  Ce  uniformly  dispersed 
graphite  nodules  were  observed.  In  samples  with  Cr  and  Al,  the  graphite  was 
either  in  flake-like  form  or  of  interdendritic  construction.  Etching  of  the 
polished  sections  and  testing  the  samples  for  microhardness  showed  that  the 
metallic  base  of  cast  iron  was  ferritic  with  Hp  *  75  to  165  kg/mm2 . 

For  investigating  the  thermionic  emission  of  cast  iron,  cylindrical  sam¬ 
ples,  10  mm  in  diameter  and  150  mm  long,  were  cast  in  graphite  molds  and  anneal¬ 
ed  into  ferrite.  Then  they  were  treated  for  2  hours  at  850-900°C  in  a  hydrogen 
atmosphere.  The  microstructure  of  the  cast  iron  was  studied  on  the  same  sam¬ 
ples  after  measuring  the  emission  current.  Cast  iron  having  a  composition  of 
2.96%  C;  0.51%  Mn;  2.34%  Si;  0.35%  P  and  0.036%  S  was  modified  by  magnesium  and 
for  comparison  it  was  alloyed  with  Al  and  Cr.  The  apparatus  for  measuring  the 
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thermionic  emission  of  cast  iron  included  the  specimen  which  served  as  the  cath¬ 
ode,  an  annular  anode,  guard  rings  and  a  vacuum  system  consisting  of  a  vacuum 
hood,  fore-vacuum  and  diffusion  pumps,  hoses  and  accessories.  A  vacuum  of 

10"10  -*■  10“  5  nm  Hg  was  maintained  in  the  system.  The  design  of  the  system  for 
measuring  the  emission  current  (Fig.  3)  consisted  of  a  stabilized  source  of  DC 
voltage  ust»  the  sample  0  of  8  mm  diameter,  an  annular  anode  A  of  40  mm  in  dia¬ 
meter  and  40  mm  long,  two  guard  rings,  OK,  of  the  same  diameter  for  limiting 
the  emission  surfaces  to  the  length  of  the  sample,  rheostats  Rj  and  R2  and  a 

tube  voltmeter  L  B  for  measuring  the  microdrop  in  voltage  of  the  emission  cur¬ 
rent.  The  sample  was  heated  with  a  water-cooled  copper  electrode  F,  which  was 
supplied  a  voltage  of  220  V  from  split  transformers.  The  temperature  of  the 
surfaces  of  the  sample  was  measured  by  contact  Pt  -  PtRh  thermocouples  with  a 
potentiometer.  The  anode  voltage  of  200  V  was  held  constant  in  all  experiments. 
Measuring  was  performed  on  1-2  samples  of  one  chemical  composition,  repeating 
the  experiments  3-4  times.  The  effective  work  function  of  the  electrons  in 
cast  iron  was  determined  in  electron-volts  according  to  the  relation 

<f>  *  1.984  x  10-4  T  (2.079  +  2  log  T  -  log  j), 

where  T  is  the  absolute  temperature  of  the  surface  of  the  sample  in  °K;  j  is 

the  density  of  the  emission  current  in  A/cm2 .  Using  the  average  of  the  observ¬ 

ed  values,  the  graph  in  Figure  4  depicts  the  dependence  of  the  emission  current 
density  on  the  temperature  of  the  surface  of  the  sample  and  on  the  chemical 
composition  of  the  cast  iron.  Apparently,  the  introduction  of  Mg  in  the  quan¬ 
tities  used  in  the  studies  raised  the  thermoemission  of  cast  iron.  The  addi¬ 
tion  of  A1  and  Cr,  on  the  other  hand,  somewhat  decreased  it. 

In  Figure  5  the  influence  of  Mg  on  the  current  density  of  thermoemission 
of  cast  iron  at  900°  and  950°C  is  indicated.  Apparently,  the  current  density 
increases  with  the  content  of  magnesium  in  cast  iron.  The  effective  work  func¬ 
tion  <J>  (Fig.  6)  was  calculated  from  measurement  data  at  the  three  sample  sur¬ 
face  temperatures  of  900°,  950°  and  1000°C.  Apparently,  the  magnesium  somewhat 
decreased  $  while  with  increasing  magnesium  content  in  the  cast  iron  within  the 
limits  investigated,  its  effectiveness  increased.  On  the  other  hand,  introduc¬ 
tion  of  A1  and  Cr  in  cast  iron,  increased  the  magnitude  of  the  work  function  of 
the  electrons.  Therefore,  it  can  be  surmised  that  in  this  case  the  introduction 
of  magnesium  in  cast  iron  somewhat  raised  the  concentration  of  free  electrons. 


while  the  introduction  of  aluminum  and  chromium  decreased  it.  Analysis  of  the 
microstructure  of  cast  iron  showed  that  graphite  acquired  a  spherical  form  only 
in  the  samples  modified  by  magnesium.  In  the  initial  cast  iron  and  in  the  sam¬ 
ples  modified  by  A1  and  Cr  the  graphite  had  a  sheet-like  or  flake-like  form. 

Thus,  one  can  speak  of  a  relationship  between  modification  and  alloying 
processes  in  cast  iron  and  its  electron  state,  of  the  qualitative  influence  of 
elements  on  the  concentration  of  electron  conductivity  in  cast  iron  and  on  the 
form  of  the  graphite  in  cast  iron.  In  this,  the  introduction  in  cast  iron  of 
the  investigated  nodularizing  elements  raises  the  concentration  of  current  car¬ 
riers  in  it,  making  possible  the  formation  of  noded  and  compact  graphite,  but 

with  a  fixed  concentration  of  current  carriers,  the  graphite  is  spherical.  The 

addition  of  graphitizing  (Al)  and  carbide-forming  (Cr)  elements  reduces  the 
concentration  of  the  electron  conductivity  which  is  conducive  to  generating 
flake-like  graphite. 

From  the  results  obtained  from  these  experiments  the  mechanism  of  generat¬ 
ing  compact  and  spherical  forms  of  graphite  in  cast  iron  can  be  considered  from 
the  point  of  view  of  the  electron  theory  of  metals.  During  introduction  into 
cast  iron,  the  elements-nodularizers  ionize  and  create  local  concentrations  of 
free  electrons,  while  the  total  concentration  of  current  carriers  in  the  alloy 
grows.  Free  electrons  in  fluctuation  locations  sharply  increase  the  metallic 
bond  between  the  layers  of  the  graphite  crystal  lattice.  The  magnitude  of  this 

bond  becomes  equivalent  to  the  covalent  bond  in  the  layer,  as  a  consequence, 

the  graphite  grows  in  all  directions  at  the  same  rate.  Toward  the  nuclei  of 
graphite  being  formed,  a  microdiffusion  current  of  nodularizer  atoms  develops, 
which  carries  its  own  free  electrons  to  fluctuate  on  locations.  Due  to  this, 
the  metallic  bonds  grow  between  successive  neighboring  layers  of  graphite. 
Globules  are  developed  which  grow  further  due  to  the  inflow  of  atoms  under  con¬ 
ditions  of  elevated  concentrations  of  free  electrons. 

During  the  introduction  in  cast  iron  of  small  nodularizer  additions,  the 
concentration  of  free  electrons  increases  not  as  sharply,  however,  its  change 
affects  the  formation  and  distribution  of  inclusions  of  graphite  which  become 
more  noded  and  discrete.  The  effect  of  antlnodularizers  can  be  explained  by 
the  fact  that  they  attach  to  themselves  the  free  electrons  which  go  into  the 
formation  of  different  chemical  combinations  of  these  elements.  The  total  num¬ 
ber  of  gree  electrons  in  cast  iron  is  reduced  which  lead  to  a  deterioration  in 
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VISCOSITY  OF  FREON  21,  FREON  22,  AND  FREON  23 
V.  Z.  Geller 

Kholod.  Tekh.  Tekhnol.,  22,  41-5,  1976 


The  coefficients  of  dynamic  viscosity  n  of  Freon  21,  Freon  22,  and  Freon 
23  can  be  determined  by  the  use  of  the  experimental  arrangement  described  in 
[2].  The  results  of  measurements  of  n  for  Freon  22, in  a  wide  range  of  param¬ 
eters  and  conditions, have  been  set  forth  in  [3]. 

The  viscosity  of  Freon  21  and  Freon  23  was  determined  from  0  to  160°C 
and  pressures  up  to  60  MPa.  Experiments  were  conducted  using  three  viscosi¬ 
meters  (diameter  of  capillary  0.07,  0.13,  and  0.20  mm)  at  Reynold's  numbers 
of  no  more  than  1000.  Correspondence  of  values  of  viscosity,  which  were  ob¬ 
tained  using  different  viscosimeters,  was  achieved  for  two  or  three  isotherms, 
in  which  the  divergence  of  results  did  not  exceed  the  error  of  the  measure¬ 
ments,  estimated  to  be  ±1.5%. 

Experimental  data  of  n  for  Freon  21  and  23  are  presented  in  Tables  1  and 
2.  The  necessary  values  for  the  calculation  of  the  density  of  Freons  were 
taken  from  [1,5],  Experimental  data  on  the  thermodynamic  properties,  as  a 
function  of  temperature,  were  not  available  in  the  region  of  parameters  covered; 
hence,  the  density  was  calculated  using  the  generalized  equation  of  Hirschf elder. 

Experimental  values  of  the  measured  viscosity  of  Freon  were  expressed  as 
excess-viscosity  vs  density.  The  magnitudes  of  the  viscosity  at  low  pressure 
and  corresponding  temperatures  were  taken  from  [6]. 

Analysis  of  the  results  of  this  study  shows  that  in  the  investigated  region 
of  densities  for  each  of  the  Freons, the  experimental  data  for  various  pres¬ 
sures  and  temperatures  satisfactorily  coincides  with  the  theoretical  predic¬ 
tions.  On  the  basis  of  this  dependence,  the  equations  for  the  density  were 
obtained  which  allowed  us  to  compute  the  coefficients  of  dynamic  viscosity 
of  Freons  over  a  wide  range  of  parameters: 


i-n  . 

1-  -nt)  *  10"  -  Z  c.p  . 
p,t  t  i-0  1 


Table  3  tabulates  the  polynomial  coefficients  of  density  for  the  investi¬ 
gated  Freons  in  the  corresponding  intervals  of  densities  and  also  both  the 
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TABLE  1.  VISCOSITY  OF  FREON  21 


Pressure 


[n  -  Pa  x  10“  sec;  Temperature,  °C] 


-0.18  19.92  40.06  60.10  80.07  100.04  120.43  140.44  160.73 


1.07 

412.3 

334 

1.56 

- 

- 

2.05 

- 

- 

3.03 

- 

340 

4.01 

- 

- 

4.99 

434.2 

345 

7.45 

- 

355 

9.90 

448.9 

361 

19.70 

479.5 

388 

39.31 

546.8 

440 

58.92 

607.3 

488 

7.8 

191 

11.8 

194 

16.6 

199 

- 

206 

9.4 

212 

2.4 

234 

.4.5 

273 

8 

— 

1 

132.5 

- 

- 

7 

138.7 

108.8 

112.9 

85.5 

2 

145.4 

121.2 

96.0 

7 

151.6 

128.0 

105.0 

3 

174.2 

151.8 

128.5 

9 

211.4 

189.0 

168.0 

4 

252.8 

221.1 

199.0 

Pressure 


TABLE  2.  VISCOSITY  OF  FREON  23 
[n  ■  Pa  x  10"6  sec;  Temperature,  °C] 


25.27  41.71  60.50  79.88  101.95  120.75  139.95  159.30 
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18 

00 

106.0 

60.4 

20.0 

19 

96 

- 

65.6 

24.2 

21 

43 

111.9 

70.4 

42.2 

25 

88 

118.4 

78.7 

58.8 

38 

71 

- 

- 

- 

- 

71 

139.1 

102.8 

86.1 

71 

29 

174.6 

135.3 

117.4 

102 

90 

208.5 

162.5 

141.4 

124 

0 

19.8 

2 

20.1 

6 

20.4 

0 

20.8 

5 

21.2 

2 

21.8 

4 

22.8 

3 

24.3 

TABLE  3 
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maximum  and  root-mean  square  values  of  the  divergence  of  the  viscosity  of 

Freon  21  and  Freon  22,  described  as  (n  -n  )»  in  the  different  intervals  of 

p,t  t 

density  p,  do  not  exceed  1%.  It  should  be  noted  that  in  certain  cases  the  dev¬ 
iation  of  the  calculated  viscosity,  using  eq.  (1),  from  the  experimental  data, 
exceeds  the  possible  error  of  the  measurements.  This,  in  our  opinion,  is  re¬ 
lated  to  the  fact  that  in  the  region  of  parameters  where  experimental  data  on 
thermodynamic  properties  are  lacking,  the  given  error  in  the  density  of  Freon 
did  not  affect  the  accuracy  of  the  calculations  of  the  coefficient  of  viscos¬ 
ity,  yet  could  distort  somewhat  the  dependence  of  the  excess-viscosity  on  the 
density.  Furthermore,  analysis  of  the  literature  data  has  shown  that  for  a 
series  of  liquids,  the  excess-viscosity  dependence  on  density,  particularly  in 
the  region  of  high  densities,  ceases  to  be  single-valued;  a  separation  of  the 
indicated  dependence  occurs  on  the  isotherm.  Thus,  the  presentation  of  the  ex¬ 
perimental  data  on  viscosity  in  An  vs  p  coordinates  is  recommended  in  this  re¬ 
gion  of  parameters,  where  reliable  values  of  the  thermodynamic  properties  are 
available  which  give  unique  values  to  the  dependence  of  the  excess-viscosity 
on  the  density. 

In  connection  with  this  explanation  it  is  possible  to  obtain  an  equation 
for  viscosity  as  a  function  of  temperature  and  pressure  covered  in  the  experi¬ 
ment.  A  more  simple  form  of  such  an  equation  can  be  obtained  by  the  descrip¬ 
tion  of  the  lines  of  constant  liquid  viscosity  in  p  and  t  coordinates.  Refer¬ 
ence  [ A ]  shows  on  the  basis  of  the  analysis  of  systems  of  differential  hydro- 
dynamic  equations  and  equations  of  state,  that  these  curves  are  straight  lines 
for  a  wide  range  of  parameters. 

Taking  into  consideration  the  possibility  of  thermodynamic  similarity  of 

Freon  21,  Freon  22,  and  Freon  23,  in  reduced  coordinates  x  *  T/0.7  T  , 

tt  *  P/0.7  P  ,  constant  viscosity  lines  were  constructed,  each  of  which  were 
cp 

described  by  the  linear  equation 

X  «  A  +  Bi.  (2) 

Values  Aj  and  were  approximated  by  a  polynomial  to  the  ninth  degree  through 
the  inverse  ratio  of  the  reduced  viscosity  u*  *  n/h0i7  (n0#7  *  the  values  of 
the  viscosity  at  temperature  0.7  T  and  pressure  0.7  P^)  .  Such  a  choice  as 
a  reference  value  is  entirely  justified  because  over  the  experimental  range  of 
the  parameters  the  viscosity  is  determined  with  greater  accuracy  than  at  the 
critical  point  or  along  the  saturation  line. 


r.  j 


As  a  result  of  the  calculations,  which  were  carried  out  with  the  help  of 
an  ETsVM  computer  by  the  method  of  least  squares,  an  equation  was  obtained 
which  described  the  viscosity  of  Freon  21,  Freon  22,  and  Freon  23: 

t  =  A(n*)  +  b(ti*)tt  (3) 

where 


i=9 

i-9 

A(n*) 

=  I  a.n*_i; 

B(n*)  =  £  b.n*" 

■i 

i=0 

i=0 

ao  = 

0.4675667 

bo 

= 

0.1874835*10“2 

0.9431701 

bi 

a 

-0. 2177574*10“2 

a2  * 

-0.6246534 

b2 

- 

0.2598676*10“* 

a  3  " 

-0.5736217*10“2 

b3 

= 

-0.1644747*10“* 

a4  = 

0.4256320 

b4 

= 

-0.1116226*10“2 

a  5  * 

-0.2256243 

b5 

= 

0.1053093*10“* 

a6  “ 

-0. 3896274 •10“ 1 

b6 

- 

-0. 9075259 *10“2 

a7  * 

6765168* 10“ 1 

b7 

* 

0. 3631583*10“2 

a8  * 

-0. 1294374*10“* 

b8 

* 

-0.6781164 *10“ 3 

a9  * 

0.4801993*10“ 3 

b, 

as 

0.5055942 *10“ 4 

The  values  of  n0 _ 7  which  were  found  from  the  experimental  data  for  Freon 
21,  Freon  22,  and  Freon  23  corresponded  to  271.6,  253.9,  and  232.6  Pa  x  10~6  sec. 
The  values  of  the  critical  parameters  of  the  Freons  which  were  necessary  for 
the  calculations  were  taken  from  [1,5]. 

Examination  of  the  calculated  results  showed  that  the  root  mean  square 
deviations  from  the  experimental  data  of  Freon  21,  Freon  22,  and  Freon  23  were 
0.42,  0.70,  and  0.53%,  respectively.  The  maximum  deviations  did  not  exceed 
2.1,  3.6,  and  2.7%,  respectively.  Since  eq.  (3)  is  based  on  experimental  data 
which  includes  that  for  Freon  21  in  the  reduced  temperature  interval  from  0.5 
to  1.0,  it  can  be  used  for  the  calculation  of  the  viscosity  of  Freon  22  and 
Freon  23  in  corresponding  states  at  low  temperatures.  Table  4  presents  calcu¬ 
lated  values  of  the  dynamic  viscosity  according  to  eq.  (3)  along  the  saturation 
lines  in  the  temperature  interval  -120  to  +4()°o.  It  is  necessary  to  note  that 
in  the  region  of  parameters  where  there  are  experimental  data,  the  differences 
between  the  calculated  and  experimental  values  of  the  viscosity  do  not  exceed 


TABLE  4.  VISCOSITY  OF  FREONS  ALONG  THE  SATURATION  LINE 
[ri  *  Pa  x  10“ 6  sec;  Temperature,  °C] 


Refrigerant 

-60 

-40 

-20 

0 

20 

40 

Freon  21 

- 

- 

- 

- 

- 

- 

418.7 

330.8 

269.1 

Freon  22 

- 

- 

- 

460.1 

338.7 

260.4 

207.9 

168.2 

134.2 

Freon  23 

646.4 

417.0 

288.0 

212.3 

162.9 

123.7 

- 

- 

- 

The  calculation  of  the  viscosity  using  eq.  (3)  involves  the  execution  of 
several  Iterations  because  it  contains  r)  in  implicit  form;  however,  with  the 
use  of  an  EVM  computer  such  a  procedure  does  not  cause  special  difficulty. 
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STUDY  OF  THE  MAGNETIC  STATE  PHASE  DIAGRAM  OF  THE  CHROMIUM  SULFIDE 
TELLURIDE  (CrSxTe,_x)  QUASIBINARY  SYSTEM 

G.  I.  Makovetskii  and  G.  M.  Shakhlevich 
(Inst.  Fiz.  Tverd.  Tela  Poluprovodn. ,  Minsk,  USSR) 

Dokl .  Akad.  Nauk  BSSR,  21(12),  1087-9,  1977 


Chalcogenides  of  Cr  having  NiAs  type  structure  possess  various  types  of 
magnetic  ordering  (CrTe  is  ferromagnetic  but  CrSi  and  CrS  are  antiferromagnetic) 
and,  therefore,  are  more  convenient  substances  for  study  of  magnetic  interac¬ 
tion.  Grazhdankina,  N.P.,  noted  a  strong  decrease  of  Curie  temperatures  and 
reduction  of  magnetic  moment  in  solid  solutions  on  the  basis  of  CrTe  in  the 
system  CrSxTe!_x  with  increases  in  concentration  of  sulfur.  X-ray  diffraction 
investigation  of  the  alloy  system  showed  that  with  an  increase  in  the  content 
of  CrS  in  CrTe  solid  solutions,  a  linear  reduction  in  the  stable  NiAs  type 
cells  is  observed  down  to  the  CrS0>?Te0<fl  composition.  A  region  of  hetergen- 
eous  mixture  of  solid  solutions  of  NiAs  and  monoclinic  type  structure  is  ob¬ 
served  during  increases  in  the  concentration  of  sulfur  by  more  than  20  at.  %. 

In  this  work  are  presented  the  results  of  measurement  of  the  magnetic 
saturation  and  coefficient  of  linear  expansion  of  the  solid  solution  of  the 
system  CrSxTej_x  (x  =  0  ->  0.2)  in  the  temperature  ranges  4.2-360  K  and  80-520 
K,  respectively. 

Samples  were  sintered  by  ceramic  technology  from  powders  of  the  constitu¬ 
ent  components.  The  products  obtained  were  ground  and  pressed  into  cylindrical 
shapes  which  were  annealed  at  950°C,  with  subsequent  quenching  in  cold  water. 

Measurement  of  the  magnetic  saturation  of  the  samples  was  accomplished  by 
changing  the  magnetic  field  strength  from  0  to  20  kOe.  The  concentration  de¬ 
pendence  of  the  magnetic  saturation  and  the  Curie  temperatures  of  the  investi¬ 
gated  solid  solutions  are  presented  in  Figure  1.  The  Curie  temperatures  were 
determined  from  the  curves  of  the  temperature  dependence  of  magnetization  which 
were  obtained  with  a  magnetic  field  of  8  kOe.  Magnetic  saturation,  determined 
at  20  K  with  a  magnetic  field  of  20  kOe,  changes  practically  linearly  from  76.2 
gauss*cm’/g  in  CrTe  up  to  40.5  gauss* cm1 /g  with  a  composition  of  20  atomic  per¬ 


cent  of  CrS. 
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The  Curie  temperature  of  CrTe,  according  to  our  measurements,  is  340  ±  2 
K.  With  compositions  CrS  ,Te  a  and  CrS  „Te  _,  the  Curie  temperatures  are  270 
±  2  K  and  214  ±  2  K,  respectively. 

The  value  of  the  magnetic  saturation  and  the  Curie  temperature  of  the  sam¬ 
ples  of  composition  CrS>3Te  7  practically  coincide  with  the  values  obtained 
for  the  composition  CrS>2Te<8.  This  fact  is  indirect  proof  that  in  the  inves¬ 
tigated  system  during  the  quenching  of  the  samples  from  950°C  the  range  of 
solid  solution  on  the  basis  of  CrTe  extends  to  no  more  than  20  mole  %  CrS. 

During  measurements  of  the  magnetization  of  CrTe  in  the  low  temperature 
regions  it  was  discovered  that  below  120  K  the  magnetization  in  fields  up  to 
4  kOe  slowly  decreases  with  decreasing  temperature.  With  the  increase  of  the 
strength  of  the  applied  magnetic  field,  the  point  of  starting  of  the  reduction 
of  the  magnetiztion  moves  to  lower  temperatures.  In  the  range  of  external 
magnetic  fields  on  the  order  of  15-20  kOe,  reduction  of  the  magnetization  was 
not  observed.  Such  a  characteristic  temperature  dependence  of  the  magnetiza¬ 
tion  at  low  temperatures  was  caused  by  the  appearance  of  an  antiferromagnetic 
component  of  the  magnetic  moment.  During  the  imposition  of  a  strong  magnetic 
field,  the  effect  of  reducing  the  magnetization  is  not  observed  since  the  ex¬ 
ternal  field  counteracts  the  rotation  and  antiferromagnetic  ordering  of  the 
magnetic  moments. 

The  effect  of  the  appearance  of  the  antiferromagnetic  component  of  mag¬ 
netic  moment,  in  the  region  of  low  temperatures,  was  observed  also  in  samples 
of  solid  solutions  of  CrTe. 

Investigation  of  the  temperature  dependence  coefficient  of  linear  expan¬ 
sion  was  conducted  in  the  temperature  range  80-520  K  on  a  quartz  dilatometer 
with  a  sensitivity  not  worse  than  0.020  urn,  the  measuring  device  was  based  on 
the  use  of  an  induction  transducer  as  a  differential  transformer. 

Measurements  were  accomplished  on  sintered  cylindrical  samples  10  mm  in 
diameter  and  15-20  mm  long.  The  results  are  presented  in  Figure  2.  It  is  ap¬ 
parent  from  the  trend  of  the  curves  of  the  temperature  dependence  of  the  coef¬ 
ficient  of  linear  expansion  that  there  exists  a  well  defined  minimum.  In  the 
case  of  CrTe  and  samples  of  composition  CrS  jTe  3  the  coefficient  of  linear  ex¬ 
pansion  correspond  to  the  temperature  of  336  K  for  CrTe,  258  K  for  CrS>?Te>fl, 
and  204  K  for  CrS  ?Te  These  are  found  in  good  agreement  with  the  ferromag- 
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Figure  1.  Concentration  Dependence  of  the  Saturation  Magnetization  o 
and  the  Curie  Temperatures  of  Solid  Solutions  of  the  quasi¬ 
binary  System  CrS  Te 

X  1  "”X 
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Figure  2.  The  Temperature  Dependence  of  the  Coefficients  of  Linear 
Expansion  of  Solid  Solutions  of  the  System  CrSxTej_x: 

1)  CrTe;  2)  CrSjTe,;  3)  CrS>2Te>8. 


netic  paramagnetic  transition  temperatures  of  341,  264,  and  198  K,  respectively 
which  are  found  from  neutron-diffraction  investigations  of  temperature  depend¬ 
ences  of  the  intensity  of  magnetic  repulsions. 

The  highest  value  of  the  Curie  temperature  obtained  from  the  magnetization 
curve  in  comparison  with  the  values  obtained  in  the  dilometric  and  neutron- 
graphic  investigations,  are  due  to  the  marked  influence  of  the  magnetic  field 
on  the  temperature  of  the  magnetic  transition. 

By  using  the  correlation 

00 

Ws(T)  =  3  T  {ap  "  aF(T)ldT’ 

connecting  the  value  of  the  magnitude  of  magnetostriction  wg(T)  with  the  para¬ 
magnetic  coefficient  of  thermal  expansion,  ot  and  the  magnetic  contribution 
to  the  coefficient  of  linear  expansion  ol,(T),  one  can  evaluate  the  magnitude 

r 

of  w^  of  the  investigated  samples.  Calculations  show  that  in  the  solid  solu¬ 
tions  of  the  system  CrS^Te^^  the  lower  Curie  point  has  a  linear  dependence 
of  the  spontaneous  magnitude  of  magnetostriction  on  temperature.  At  80  K,  w 

s 

=  13.5  x  10-3  for  CrTe,  9.3  x  10~3  for  CrS  ,Te  and  6.2  x  10-3  for  CrS  Te  . 

•*•9’  .2.B 

The  spontaneous  value  of  the  magnetostriction  for  CrTe  conforms  with  the  esti¬ 
mate  presented  by  V.  A.  Gordinko  et  al.  [3]. 
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NOMENCLATURE 

density 

density  of  rubidium 
density  of  potassium 
density  of  cesium 
density  of  mercury 
density  of  antimony 
density  at  the  melting  point 
temperature,  °C 

temperature  at  the  melting  point,  °C 
temperature  in  °K 

temperature  at  the  melting  point,  °K 
coefficient  of  volumetric  thermal  expansion 
a  constant  (eq.  10) 

temperature  coefficient  of  density  (eq.  11) 
capillary  constant  (eq.  18) 
surface  tension  (eq.  18) 
acceleration  of  gravity  (eq.  18) 
atomic  volume  at  the  melting  point 


DENSITY  OF  MOLTEN  METALS  AND  THEIR  TEMPERATURE  DEPENDENCE 


In  many  experimental  methods,  the  density  of  molten  metals,  appears  in 
the  analytic  expression  for  the  calculation  of  the  free  surface  energy  of 
these  metals.  In  comparing  the  data  of  various  authors  concerning  the  free 
surface  energy,  it  is  often  necessary  to  adjust  these  data  based  on  a  density 
value  which  can  be  considered  to  be  most  reliable.  The  reliable  knowledge 
of  the  density  of  liquid  metals  is  also  necessary  in  the  diffraction  investi¬ 
gations  of  the  structure  of  alloys.  Volume  changes,  which  take  place  in  mol¬ 
ten  metals  with  increasing  temperatures,  are  also  directly  connected  to  their 
structure.  Experimental  data  on  the  temperature  dependence  of  the  density  of 
liquids  at  present  are  basic  to  the  determination  of  the  critical  parameters 
(critical  temperature  and  density),  which  are  very  essential  also  for  liquid 
metals,  because  they  enable  us  to  estimate  the  properties  of  the  little-inves¬ 
tigated  melts  by  knowing  the  properties  of  a  limited  number  of  well  studied 
liquids. 

In  the  present  work  an  attempt  is  made  to  systematize  our  own  and  the 
literature  data  on  the  density  of  liquid  metals.  In  the  process  of  the  det¬ 
ermination  of  the  most  reliable  data  we  encountered  a  number  of  difficulties. 
We  could  not  use  strict  statistical  methods  for  the  following  reasons:  (1) 
the  limited  volume  of  data  available  at  this  time  in  the  case  of  each  element 
for  valid  statistical  treatment;  (2)  in  many  works,  the  authors'  indicated  ac¬ 
curacy  for  the  determination  of  the  density  must  be  considered  as  invalid 
since  the  results  of  the  different  investigations,  taking  into  account  their 
indicated  errors,  disagree  among  themselves  to  a  much  greater  extent;  (3)  in 
some  works  the  data  needed  for  the  statistical  analysis  are  not  given.  In  the 
analysis  of  the  available  data  we  took  into  account  the  following  factors: 
Conditions  prevailing  during  the  experiment,  purity  of  the  investigated  sub¬ 
stances,  the  temperature  range  of  the  investigation,  and  the  degree  of  agree¬ 
ment  of  the  results  of  the  several  investigators. 

We  considered  reference  works  on  specific  groups  of  metals.  For  recom¬ 
mended  values  (sec  Table  4),  we  selected  the  results  of  specific  works  due  to 
the  lack  of  appropriate  statistical  treatments.  Recognizing  that  our  recommen¬ 
dation  was  partly  subjective,  we  considered  it  necessary  to  present  (see  Table 
1)  the  data  and  the  references  of  all  of  the  works  examined.  This  was  felt  to 
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be  advisable  in  order  to  facilitate  a  more  serious  statistical  analysis  of  addi 
tional  accumulated  experimental  results  that  may  be  forthcoming  in  the  future. 

We  will  dwell  briefly  on  the  methods  of  determination  of  the  density  of 
liquid  metals  listed  in  Table  1.  The  method  of  "Hydrostatic  Suspension"  (Arch¬ 
imedes'  Method)  is  subdivided  into  (1)  the  method  of  direct  hydrostatic  suspen¬ 
sion,  the  essence  of  which  is  that  a  previously  determined  weight  and  volume 
standard  is  suspended  in  the  investigated  melt;  (2)  and  the  method  of  indirect 
hydrostatic  suspension  in  which  the  investigated  liquid  metal  in  a  crucible  is 
suspended  in  a  melt  of  known  density,  which  is  inert  with  respect  to  the  metal 
of  the  standard. 

The  basis  of  the  method  of  "dilatometry"  consists  of  the  determination  of 
the  height  of  the  liquid  metal  and  its  change  with  temperature  in  the  calibra¬ 
ted  crucible. 

In  the  pycnometer  method  the  density  of  the  liquid  metal  is  determined  by 
the  weight  of  a  certain  volume.  To  this  method  also  belongs  the  method  of 
"Fixed  Volume"  in  which,  at  a  prescribed  temperature  one  fixes  the  volume  of 
the  metal  under  study,  and  determines  its  weight  subsequent  to  the  experiment. 

The  method  of  "Maximum  Pressure"  in  a  gas  bubble  is  based  on  the  deter¬ 
mination  of  the  different  pressures,  necessary  for  the  pressing  out  a  bubble 
of  gas  through  the  capillary  filled  with  the  melt  at  various  depths. 

The  "Gamma  Method"  is  based  on  the  study  of  the  change  of  the  intensity 
of  y-rays  passing  through  the  melt  being  studied. 

The  method  of  determining  the  density  by  the  measurement  of  the  size  of 
liquid  drops  has  a  number  of  variations.  In  the  "Resting  Drop"  method,  one 
studies  the  form  of  the  liquid  drop  lying  on  a  solid  flat  surface.  In  the 
large  drop  method  one  investigates  the  form  of  induced  symmetrical  drops 
formed  by  heating  the  metal  in  small  cups  with  specially  machined  edges.  In 
the  "Falling  Drop"  method  a  drop  of  the  liquid  metal  is  stopped  on  movie  film 
as  it  separates  from  a  rod  and  its  elongation  is  studied.  In  the  "Suspended 
Drop"  method  one  studies  a  volume  of  metal  suspended  in  a  magnetic  field.  The 
method  of  determining  density  from  the  size  of  drops  must  also  incorporate 
determining  the  volume  of  falling  drops  from  the  parameters  of  critically  sus¬ 
pended  drop. 
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TABLE  1.  DENSITY  OF  LIQUID  METALS 


O  s/cm' 


Condition*  of 
Experiment 


dj.  •  10* 
dt 

It/cm’  *C 


oil 

181-195 

0.4610.01 

Specific  gravity 
flaak 

Mo,  Ar  (up  to 

65  eta) 

332-1600 

0.517 

1.01 

Specific  gravity 
flack,  0.5X 

Mo,  1  Kh  18  N9T 

400-1125 

0.503 

1.021 

Specific  gravity 
flaak,  10.2X 

242.5-917 

0.504 

0.95 

Hydroetatlc  sua- 
pension,  -0.3X 

1954-1955  [169] 

• 

- 

up  to  500 

0.931 

27 

1957 

[•»] 

- 

• 

- 

0.9185 

2.6 

- 

1963 

199] 

Ar,  stool 

200-400 

0.9271 

2.23 

Hydroetatlc  sus¬ 
pension 

1966 

120] 

- 

Ar,  (up  to 

65  atm) 

428-1512 

0.9275 

2.38 

Specific  gravity 
flask,  0.3Z 

]  99.9 


Ar  (up  to  65 
atm).  Mo 

63.5-92 

0.8274 

2.38 

Specific  gravity 
flask,  -0.3X 

oil  VM-l  (Cali¬ 
brating  liquid) 

280-1500 

0.8282 

2.406 

Dllatoemtry 

SIM 

- 

- 

39-1100 

1.5097 

4.554 

- 

- 

- 

80-910 

1.4740 

4.10 

- 

97.5 

glass,  v acuta 

45.5 

1.4505 

Specific  gravity 

- 

1  Kh  18  H9T 

50-800 

1.4634 

4.51 

flaak,  0.2X 

99.9 

Ar  0.5-20  atm 

Kh  18  M9T 

40.6-1103 

1.4807 

4.148 

Gamma-method,  up 
to  827*  Is  linear, 
but  not  above 

99.996 

Oil  VM-1  (Cali¬ 
brating  liquid) 

39.16-92 

1.4843 

4.806 

Dllatometry 

99.996 

Ar,  Kh  18  M10T 

39-300 

1.4843 

4.7810.05 

gamma-method 

99.996 

Ar,  Kh  18  H10T 

300-400 

1.4843 

4.2810.05 

gam-method 

99.95 

Kh  18  H9T 

39-1300 

1.4843 

• 

gam -method.  0.4X 

Ar,  Kh  18  H9T 
Ar,  Kh  18  H9T 


99.99  0*-  oil  VO-1 
Id*  Impurity 
99.99  Ox- 

Id*  Impurity  Ar,  Kh  18  K10T 
99.99  Ox- 

Id*  Impurity  Ar,  Kh  18  N10T 
99.99 


Oil  VM-1,  gla** 
Ar,  Kh  18  H9T 


29-1100 

80-910 

33.7-852.2 

100-750 

28.5-51 

29-140 

140-250 

35.15-1027 


30-95 

29-1300 


1.8365 

1.8370 

(35.15) 


rwi  m.thod,  0.7X 
Specific  f rarity 
Hath,  0.2Z 
Dllatometry, 
Adp/dT»1.5* 


Differential  hydro¬ 
static  euapenaloa 
Dllatometry,  0.05X 
Gamma-method,  0.41 


27 


TABLE  1.  DENSITY  OF  LIQUID  METALS  (Continued) 


•fetal 

|  Year 

1  Refer¬ 
ence* 

1  1 

i  Purity 

1 - 1 

|  Condition*  of  1 
|  Experiment 

!  t,  *c 

i 

i  | 

1  P_  P./ue' 

1  .  1 

L  &  •  10*- 

i*  ilt 

|  p./ cm*  *C 

1 - 

|  Merited,  Accuracy 

1  .  _ 

1929 

U36] 

1100-1200 

9.32 

10 

Maximum  preaauras 

19S1 

1116] 

1000-1100 

9.263 

6.8 

Hydrostatic  sus¬ 
pension 

1961 

I1M1 

* 

Hi,  quart! 

1030-1130 

9.14 

11 

Maximum  preaauras, 
0.42 

1962 

022] 

- 

- 

961-2177 

9.146*0.009 

9.067 

• 

1964 

043) 

- 

- 

- 

9.11 

9.67 

- 

1964 

043] 

- 

4r,  AljO, 

961-1400 

9.11*0.01 

10.3 

Maximum  prassuras 

1969 

033] 

- 

- 

- 

9.16 

10.6 

- 

1970 

074] 

Ar,  quart! 

1030-1210 

9.17 

13 

Maximum  praaaurea, 
*0.332 

1970 

[42] 

- 

- 

960-1340 

9.16 

6.2 

Heating  drop 

1971 

[94] 

- 

- 

960-1150 

9.17 

10.3 

- 

1972 

0411 

99.999 

Ar,  M 

961-1300 

9.120 

9.7 

Hydrostatic  aua- 
penslon 

1972 

(SO) 

99.99 

He.  41*0, 

1000-1100 

9.164 

6 

Heating  drop,  *12 

1974 

13] 

Sr999 

Corundum,  He 

960-1530 

9.33 

6.1 

Large  drop,  0.32 

1973 

049] 

- 

- 

- 

9.321 

9.787 

Hydrostatic  ana- 

ptmln,  *2.5  x 
10'*  g/cm* 


Hulaa  pTeimru 
Hydrostatic  aua- 
panalon 

Heating  drop.  *0.06 
g/cm» 


Be 

1964 

I960 

1966 

[120] 

[38] 

[38] 

99.8 

99.6 

99.9 

BeO,  Ar 

Vacuum,  Ha 

He 

1283-1927 
Near  t_ 
1264 

1.690 

1.70 

1.72 

1.16 

Maximum  preaauras 
Heating  drop 

Resting  drop 

1962 

[153] 

99.95 

Ar,  Steal 

630-1117 

1.590 

2.647 

Hydrostatic  sus¬ 
pension,  *0.0014 
g/cn* 

"6 

I960 

[97] 

99.5 

Ar,  H 

959-1053 

1.52;  1.47 

- 

Maximum  pressures, 
1.5X 

1972 

[80] 

99.99 

Ha.  AljO, 

700-900 

1.65 

2.7 

Resting  drop,  IS 

1957 

[1061 

0.092H 

Graphite,  Vacuum  ' 

812-863 

1.373 

8.87 

Specific  gravity 
flask 

Ca 

1968 

[971 

pro.  an. 

Ar,  Ta 

1172-1382 

1.3672 

2.21 

Maximum  pressures 

1.5Z 

1972 

[80] 

99.99 

Ha,  Alt0| 

800-1000 

1.45 

3.1 

Large  drop,  IS 

Sr 

1968 

[97] 

99.5 

Ar,  Ta 

952-1307 

2.3742 

2.62 

Maximum  pressures 

l.SS 

Be 

1962 

[90] 

99.99 

Ar,  steel,  V 

740-930 

3.3208 

2.14 

Hydrostatic  sus¬ 
pension 

1968 

[97] 

99.5 

Ar,  Ta 

1137-1607 

3.3165 

2.74 

Maximum  preaauras, 
l.SS 

1921 

[123] 

- 

Hr,  Steal 

- 

6.59 

9.7 

Different  pressures 
In  a  cut  U-tube  0.1S 

1949 

USf) 

- 

Flux 

420-600 

6.65 

11.0 

Maximum  pressures 

1964 

[143] 

- 

Ar,  AliOj 

420-700 

6.577*0.012 

10.98?62 

Maximum  pressures 

Zn 

1968 

[in] 

199.998 

Ar,  graphic 

420-700 

6.5519 

9.502 

Specific  gravity 
flask,  0.051 

1974 

[107] 

99.99 

Graphite,  Ar 

420-320 

6.542 

7.9 

Sped  fir  gravity 
flask,  10.03  g/cm’ 

1974 

1140} 

99.999 

Graphite,  Ar 

420-323 

6.568 

10.31 

Specific  gravity 
flask 

1973 

(39) 

TaVCh;  99.999 

Molybdenum  glass, 
vacuum 

tB-500 

6.610 

10.0 

Improved  areometer 

1929 

[136] 

• 

- 

1100-1100 

17.24 

12 

1951 

(116) 

* 

- 

1100-1300 

17.361 

17.3 

1971 

194] 

• 

_ 

17.0 

11.2 

1975 

[77] 

ZL999.9 

H*,  graphite 

1075-1405 

17.19 

12.7 

TABLE  1.  DENSITY  OF  LIQUID  METALS  (Continued) 


Refer- 

mcti 

Condition*  of 
Experiment 


P  g/e* 


it  ■  10‘. 

'  Metliod,  Accuracy 

r./cn’  *C  ' 


Hi,  Claaa 

- 

8.02 

11.0 

Quarts,  Hi 

360-300 

8.013 

12.79 

Ar,  A1>0| 

383-360 

8.013 

11.69 

Ar,  graphite 

383.6-636.7 

7.9962 

12.203 

He,  AltO. 

300-1000 

8.1 

6.0 

Class 

321-300 

7.987 

12.3 

Quarts 

680-1093 

7.968 

11.87 

Craphlts,  Ar 

606-330 

7.986 

12.62 

Molybdenum  glass. 

t  -300 

7.996 

12.2 

Different  pressures 
In  a  rut  U-tuhe,  0.1X 


flack,  O.SX 

Renting  drop,  IX 
Arcoaatar,  0.1% 
Dllstonetry,  0.1X 
Specific  gravity  f leak 
Improved  areometer. 


1966-196$ 

196. 

119] 

- 

-20-300 

13.69098 

“ 

1973 

[113] 

Pur If lad 

20 

13.363862 

Hydrostatic  suspension 
19.5‘10'’  g/cm’ 

1973 

[J9] 

- 

Molybdanua  glass. 

30-230 

13.636 

22.0 

Improved  areometer. 

vacuus 

0.1X 

Re.  A1,0, 


3.2  Large  drop,  IX 


He.  A1,0, 


930-1000 


870-1173  6.681 


Hydroetatlc  eucpenalon 
3.0  Large  drop,  IX 


2.27  Specific  gravity  flaak 
±0.027  g/ca* 


Ar,  Ta 

1260 

6.66 

- 

Hydrostatic  suspension 

Vacuum 

1033-1231 

6.6882 

5.28 

Specific  gravity 
flank  ±0.019  g/ca* 

BMC,  Vacuum 
graphic 


2.0810.03 


Resting  drop 


99.996 

KCl-RaCl 

700-900 

2.368 

2.65 

Hydrostatic  suspension 
(Indirect),  0.2X 

99.99 

Vacuum,  A1|0| 

700-1300 

2.38 

2.5 

Largs  drop 

99.997 

Ar,  Alundum 

677-912 

2.39 

3.34 

99.99 

Ar,  graphite 

991-1660 

2.369 

3.11 

Dllstoaetry,  O.SX 

] 

99.996 

Ho,  AltOi 

660-1300 

2.38 

.* 

Large  drop,  IX 

99.99 

Ha.  A1|0, 

900-1750 

2.39 

3.2 

Large  drop,  IX 

99.998 

Ar,  A1|0| 

702-786 

2.375 

3.4 

Resting  drop 

99.99 

H,leO 

1830 

1.93 

Large  drop,  1.5X 

A 1-000 

Vacuum,  A1|0| 

660-977 

2.370 

2.8 

Large  drop,  l.SX 

A  999 

A1|0|,  Helium 

690-1530 

2.61 

3.48 

Resting  drop, 

±0.027  g/cm* 

— 

• 

700-900 

2.379 

2.38 

Dllatoaatrv 

1961 

(148) 

- 

Class,  hensene 

30-40 

6.097 

7 

Specific  gravity  flask 

1963 

[62,74] 

GL-00 

He,  AltOi, 
graphite 

30-1530 

6.08 

6.0 

Larga  drip, 

<0.029  g/ca1 

1967 

110.11) 

99.9 

Ar,  quarts 

30-232 

6.0954 

7.208 

G.vmiui  act) tod,  0,251 

1967 

110,11) 

99.9 

Ar,  quarts 

234-747 

6.071 

6.122 

G.ifMn.i  method,  0.252 

1967 

[10.111 

99.9 

Ar,  quarts 

747-1127 

6.1422 

5.127 

G.imm.1  mot hod,  0.251 

1970 

[1»4] 

Ar,  quarts 

900-1210 

6.05 

6 

Maximum  prcxnure,  0.351 

1970 

[113) 

99.999 

Ar,  V 

50-600 

6.0283 

.* 

Spor  1  f  1  r  gr.iv  1  ty  f lask 

1972 

188] 

Ca-000 

A1|0, 

.10-977 

6.12 

6.2 

l-irgi*  drop,  I* 5X 

1974 

m 

Class 

RiO-SOO 

6.072 

6.625 

AcriHM  tir,  0.12 

1974 

[*i 

99.9V9 

Ar,  glass 

19-56 

6.0«502 

7.9118 

Sped fir  gravity  flaak, 
*2.4* I0~*  g/ca* 

ly7S 

[39] 

99.999 

Claus,  vacuum 

1-4  50 

6.072 

6.62 

tmprov«*d  iierom.tcr, 

29 


,7 

a 

TABLE  1.  DENSITY  OF  LIQUID  METALS  (Continued) 

Metal 

Tear 

Refer* 

cnees 

Parity 

Conditions  of 
'  Experiment 

t.  *C 

0m  g/cm* 

.  i!£  •  !0\ 

(It 

p./e  m1  *C 

Methods  Accuracy 

| 

1*41 

IU4) 

155 

7.0310.01 

Dll  a  tom  try 

a-0. 00013  *C*‘ 

1950 

imi 

99.98 

Parafla  la  At, 

164-500 

7.0324 

8.11 

Dllatoaetry,  0.2X 

l.*‘- 

quart f 

1*56 

1165) 

- 

Ar,  AltOi 

231-421 

7.05 

8.16 

Haxlaua  praaauraa. 

-  ‘ 

0.22 

s* 

1962 

(152) 

99.977 

Ar,  iliti, 

157-2013 

7.023 

6.796 

Hydrostatic  auapea- 

u 

graphite.  Mo 

alon,  tO. 023,  g/ca* 

II  la 

1966 

(102) 

99.999 

Vacuum ,  graphite 

161.0-264.6 

7.0147 

8.362 

Specific  gravity  flash 

1970 

1174) 

“ 

Ar,  quart* 

595-690 

6.95 

5.0 

Haxlaua  pressures. 

1970 

(95) 

99.999 

Ar,  U,  graphite 

160-532 

7.034 

7.59 

0.352 

Hydrostatic  suspea- 

slon,  10.02  g/ca* 

1972 

(80) 

99.99 

Ha,  AltOi 

500-1000 

7.12 

7 

Resting  drop,  12 

1972 

(86) 

In-000 

Vacuum,  A1,0) 

157-677 

7.035 

4.3 

Large  drop,  1.52 

1974 

(2) 

- 

Claa* 

156-500 

6.982 

7.40 

Areoaeter,  0.12 

■ 

1974 

(156) 

- 

Quart* 

485-635 

7.027 

8.29 

Dllatoeetry,  0.12 

B 

1975 

(19) 

99.999 

Glass,  vacuua 

t^-SOO 

6.982 

7.40 

Improved  areometer. 

o.ix 


t 

1956 

(165. 

- 

Ar,  A1]0| 

392-651 

11.29 

14.94 

Haxlaua  pressures. 

h 

1968 

166] 

(101) 

99.999 

Ar,  graphite 

314.5-508.0 

11.227 

14.39 

0.32 

Specific  gravity  flask. 

1 

1970 

(174) 

0.052 

a 

- 

Ar.  quart* 

500-900 

11.31 

17 

s 

T1 

1973 

(150) 

0.352 

99.999 

Vacuua,  H 

304-905 

11.350 

13.0 

Hydrostatic  suspension, 
10.003  g/ca* 

1975 

(39) 

s 

TL-11,  99.99 

Molybdenum,  glaaa 

t  -500 

11.21 

14.2 

Improved  areoaeter. 

a 

vacuua 

0.12 

8 

1975 

[31.38. 

Tl-00,  99.99 

Graphite 

316-1010 

11.28 

14.3 

Resting  drop. 

s 

77) 

±0.04  g/ca* 

1956 

128] 

90.7;  O.03ZC 

He.  vacuum 

1668420 

4.11±0.08 

Specific  grevlty  flask 

1961 

(151) 

Ionised 

Vacuum, graphite 

1700-2050 

4.11 

7.02 

Haxlaua  pressures 

T1 

1968 

(26) 

. 

Vacuua 

1668 

4.10 

Falling  drop,  72 

1969 

[164) 

99.8 

Ar 

1720-2100 

4.14 

2.26 

Suspended  drop,  1.422 

1*70 

[27] 

- 

Vacuua 

1668 

4.10 

Falling  drop 

S 

1973 

(56) 

— 

Vacuua 

1668 

4.13 

Combined,  0.42 

1961 

1151) 

Ionised 

Vacuum,  graphite 

1850420 

6.09 

Specific  gravity  flaak 

Zr 

1968 

[26] 

- 

Vacuua 

1850 

5.70 

Falling  drop,  72 

1970 

(27) 

- 

Vacuua 

1850 

5.60 

Falling  drop,  72 

1973 

136] 

- 

Vacuua,  Ar 

2460 

5.78 

Falling  drop,  72 

1973 

175] 

• 

Vacuua 

1850 

6.09 

Combined,  0.82 

Hf 

1973 

136] 

- 

Vacuua 

2222 

11.97 

Coablned,  0.92 

3  - 

1959 

[139] 

_ 

Quart*,  air 

1425 

2.4940.002 

Specific  gravity  flask 

1960 

(18) 

- 

HjAIjOj 

1500 

2.49 

Hydrostatic  suspension. 

► 

1963 

(14) 

_ 

He, A1]0| 

1440 

2.56 

1-1.52 

Dllatoactry,  22 

1964 

(143) 

99.9 

Ac ,Al*0t 

1450-1630 

2.52510. 05 

3.5 

Maximus  pressure* 

1964 

m 

- 

He.MgO 

1500 

2.50 

Specific  gravity  flask 

** 

1964 

(24) 

99.999 

He,  A1|0$ 

1500 

2.54 

Resting  drop,  52 

1965 

(12) 

99.99? 

He.  AljO, 

1410-1800 

2.530 

3.375 

Large  drop,  IX 

1967 

[19] 

- 

Flux,  AliOi 

1455-1633 

2.53 

3.9 

Hydrostatic  suspension, 
1.52 

1970 

(811 

99.99 

lie,  A1}0) 

1412-1850 

2.55 

1.7 

Large  drop.  It 

1971 

[25] 

99.999 

lie,  BN 

1410-1700 

2.49 

2.722 

Resting  drop,  1.52 

1975 

[77.78] 

KM-8 

Hu,  A1 jOj 

1500-1590 

2.50 

3.2 

Nesting  drop,  g/ca* 

'i 


'-T  - 


TABLE  1.  DENSITY  OF  LIQUID  METALS  (Continued) 


Year 

Refer- 

Conditions  of 
Experiment 


Li; 

1952 

159] 

99.9 

Vacuua,  quart z 

960-1100 

5.52 

Dllatoaetry 

:7T1 

1964 

1161] 

High  purity 

Ar,  AljO, 

960-1610 

5.490 

4  86 

Naxlaua  pressures 

• 

L* 

_*< 

1967 

119] 

- 

Vacuua,  quarts 

975-1120 

5.52 

7.5 

Specific  gravity 

flask 

n 

1968 

170,71] 

- 

Craphlte,  quarts 

959-1827 

5.598 

6.250 

Large  drop,  0.81 

•  * 

■1 

1968 

151,511 

99.999 

Ha 

950-1600 

5.60 

7.34 

Large  drop.  It 

.  1 

1 

1971 

[79] 

99.999 

Ha,  graphlta 

916-1400 

5.655 

6.0 

Large  drop 

j 

N. 

1972 

[80] 

99.99 

Ha,  AltOi 

950-1200 

5.68 

6.2 

Large  drop.  It 

1972 

[74] 

CES 

Ha,  A1,0, 

980-1500 

5.54 

4.87 

Resting  drop, 

10.025  g/ca* 

'  1 

1975 

[169] 

SHS 

980-1200 

5.576 

3.708 

Hydrostatic  suapen- 

.  • ... 

10.02  g/ca* 

■0 

1975 

[77] 

CDC-06/05 

Ha,  graphlta 

1010-1410 

5.63 

5.1 

Resting  drop, 

10.02  g/ca* 

r.‘ 

i 

1921 

[111] 

H  .  glaaa 

_ 

7.01 

7.4 

1949 

[159] 

Flux 

212-600 

6.98 

7.61 

In  a  cut  U-tuba 

Naxlaua  pressures 

V  ,  - 

1962 

[129] 

- 

- 

212-2480 

7.000 

6.127 

Hydrostatic  suspen¬ 

-  *  ■ 

sion,  10.011  g/ca* 

*• -I 

1964 

[161] 

- 

Ar.  AliOi 

232-1600 

6.97810.022 

Naxlaua  praasuraa 

V 

1964 

[112] 

- 

Ar.  AltOi 

400-1000 

6.923 

5.543 

Haxlaua  pressures 

; 

L. 

1968 

[172] 

99.999 

Vacuua,  graphlta 

240-500 

6.974 

7.125 

Specific  gravity 
flask,  0.05Z 

.  ♦.  *' 

8n 

1970 

[95] 

99.999 

Ar,  U  graphlta 

212-418 

6.981 

6.63 

Hydrostatic  suspen¬ 

-  e 

sion,  0.02lg/ca* 

h  ' 

1971 

[17] 

- 

Ar,  quarts 

232-1131 

6.988 

6.983 

Dllatoaetry,  0.2Z 

•*, 

1972 

[161] 

99.999 

Ar,  H 

232-1400 

6.986 

6.37 

Hydrostatic  suspen¬ 

..  •  ‘ . 

,  / 

sion 

«•  •  ■ 

1972 

[80] 

99.99 

Ha.  AltO, 

500-1000 

6.88 

5.7 

Large  drop.  It 

'a 

1972 

[88] 

OVCh 

Vacuua,  AliOi 

232-677 

6.95 

1.94 

Large  drop.  It 

;  ■-  J 

*  .* 

1972 

[74] 

OVCh-OOO 

Ha,  quarts 

n 

graphlta 

880-1590 

6.52 

4.94 

testing  drop, 

10.065  g/ca* 

1974 

[158] 

- 

Quarts, 

629-908 

6.969 

7.25 

Dllatoaetry,  O.lt 

r*  »■« 

1975 

[77] 

OVCh-OOO 

Ha,  graphlta 

232-1410 

6.91 

6.1 

Resting  drop. 

10.01  g/ca* 

- 

Hi,  glaaa 

- 

10.71 

13.9 

Different  pressuraa 

In  a  cut  U-tuba,  O.lt 

99.97 

Hi  quarts 

340-440 

10.59 

14.0 

Naxlaua  pressuraa 

- 

Ar,  AliOi 

437-705 

10.66 

13.25 

Naxlaua  pressuraa  0/2Z 

99.9 

Ar,  graphlta 

327.6-1751 

10.678 

13.174 

Hydrostatic  suspension 
±0.0027  g/ca* 

99.9 

Ar,  graphlta 

327.6-1751 

10.678 

13.174 

Hydrostatic  suapenslon 

- 

- 

327-850 

10.686 

11.6 

Specific  gravity  flask 

99.96 

Ar,  steal 

372.7-1056 

10.676 

12.887 

Caaaa  net hod,  0.41 

99.997 

Vacuua,  graphite 

320-510 

10.660 

12.220 

Specific  gravity  flask 
0.051 

99.999 

Quarts 

380-440 

10.662 

13.1 

Specific  gravity  flask 
±0.008  g/ca* 

99.999 

Ar.iAliO,  H 

130-1550 

10.665 

-s 

Hydrostatic  suspension 
±0.003  g/ca* 

99.99 

Ar,  V 

330-1550 

10.665 

-* 

Hydrostatic  suspension 

99.99 

Ha,  A1,0, 

400-1000 

10.39 

9.8 

targe  drop.  It 

99.99 

Vacuua,  H 

405-700 

10.696 

11.73 

Hydrostatic  suspension 
±0.003  g/ca’ 

C-000 

Molybdenua  glass. 

t^-500 

10.640 

12.2 

laproved  arcoaatar. 

vacuua 

O.lt 

99.999 

Hi,  graphlta 

137-1026 

10.69 

11.6 

Routing  drop, 

♦0.04  r/ce* 

557i 

Vacuua,  BeO 

"1930-1940 

i.JM 

Moxlmu*  preHsurei 

- 

Vacuua 

1905 

6.90 

K.il  ling  drop,  7X 

99.8 

Ar 

1920-2190 

5.36 

1.20 

SiiHpcmlod  drop,  1.43Z 

- 

Vncuua 

1905 

5.3 

K.il ling  drop 

99.7 

Vacuua 

1905 

5.19 

Combined,  0.46Z 

TABLE  1.  DENSITY  OF  LIQUID  METALS  (Continued) 


Conditions  of 
Experiment 


dp  •  10 


Method,  Accuracy 


8  1261 

0  (221 

3  (30,37)  Monocrystal- 


Falling  drop 
Falling  drop 
Combined,  0.52* 


1972  (30]  TVCh  99.94  Vacuum 


60 


Combined,  1.3* 


Specific  gravity 


H],  quarts 
Ar,  AljOi 

Quarts 

Craphlte 


Ar,  AliOi 
Ar,  quarts 


Ar,  graphlta 


830-850 

5.06(850*0 

650-800 

(at  650*0 

728-917 

6.50 

6.30 

630-850 

6.500 

5.14 

630-1637 

6.483 

* 

630-1120 

6.46510.005 

5.87 

670-1010 

6.48 

6 

635-745 

6.538 

6.73 

642-746 

6.493 

6.486 

925-1149 

6.48) 

6.68 

Specific  gravity 


Maximum  pressures 
Maximum  pressures, 
0.2* 

Specific  gravity 
flask 

Hydrostatic  suspen¬ 
sion,  maximum  pres¬ 
sures,  10.008  g/cm* 
Maximum  pressures 
Maximum  pressures, 
0.35* 

Hydrostatic  sus¬ 
pension,  10.02  g/cm 
Specific  gravity 
flask.  0.05* 
Dilatometry,  0.12 


123) 

■a.  flaw 

' 

10.07 

12.5 

Different  pressures 
In  s  cut  U-tube, 
0.12 

1241 

- 

Nitrogen,  pyrex 

311-442 

10.040 

12.9 

Specific  gravity 
flask,  10.004  g/cm* 

154] 

99.90 

Hi,  quarts 

800-1000 

10.17 

14 

Maximum  pressures, 
u 

(981 

99.972 

Graphite 

271.5-1559 

10.022 

11.820 

Hydrostatic  sus¬ 
pension,  10.013 

g/cn* 

143] 

99.98 

Ar,  Al]0j 

320-1000 

10.06510.02 

12.10 

Haxlaum  pressures 

105] 

99.995 

Ha,  Ar,  quartz 

271-750 

10.05710.03 

12.610.2 

Manometer  *  speci¬ 
fic  gravity  flask, 
10.008  g/cn* 

157] 

99.995 

Quarts 

320-420 

10.048 

12.64 

Specific  gravity 
flask,  10.008  g/cn* 

125] 

99.9999 

Nitrogen,  glass 

271-720 

10.05 

14.1 

Dllatometry,  0.72 

(95] 

99.999 

Ar,  graphite,  W 

271-414 

10.114 

10.78 

Hydrostatic  suspen¬ 
sion,  10.02  g/cn* 

104] 

- 

Vacuum,  gmphlte 

340-430 

10.028 

12.367 

Specific  gravity 
flask,  0.052 

180] 

99.99 

He,  AljOj 

300-1000 

10.12 

9.7 

Large  drop,  12 

(92] 

- 

At,  Ta,  W 

271-600 

10.049 

12.4 

Hydrostatic  suspen¬ 
sion,  10.002  g/cn* 

(2) 

- 

Cleat 

271-500 

10.200 

12 

Areometer,  0.12 

160] 

99.99 

Graphite 

384-534 

10.07 

12.6 

Specific  gravity 
flask 

(391 

0SCh-ll-4 

99.999 

Molybdenum  glass, 
vacuum 

V500 

10.020 

12.0 

Improved  areometer, 
0.12 

(32)  Electrically  Hi,  BeO 

subl 1 mated 

(611  Purified  twice  Hi,  7.r0, 

50,531  99.98  He,  AljO) 

164)  99.79  He,  A1,0, 


Hj,  BrO 


1875-1950  6.0010.13 

I860  6.21 

1835-1915  6.4075 

1890-2230  6.28 

1835-1915  6.16 

1B30  6.16 


Resting  drop 

Resting  drop 
Large  drop,  12 
Falling  drop, 
1.43-1 .55* 
l.-urgu  drop 
Large  drop 


TABLE  1.  DENSITY  OF  LIQUID  METALS  (Continued) 


Refer¬ 

ences 

|  Purity 

|  Condi tiona  of 
j  Experiment 

!  i 

1  t.  *c 

i  1 

r 

!  o  g/co’ 

1  " 

L  .  30\ 

r  <*£ 

!  p./ cm*  *C 

1 - 

■  Method,  Accuracy 

j 

(26) 

Vacuua 

2615 

9.0 

Suspended  drop,  7* 

[27) 

- 

Vacuus 

2615 

9.1 

Suspended  drop 

[29) 

99.95  sintered 

Vacuus 

*m 

8.9 

Combined ,  32 

(26)  Monocrystalline  Vacuum 

(29,55)  Monocrystallln4 

99.999 

:: 

16.65 

16.74 

Combined,  6* 

Combined,  0.6* 

[131] 

- 

Quarts 

223-301 

3.981 

12.5 

Specific  gravity 
flask,  0.5* 

U91 

Vacuum,  quarts 

230-819 

3.38 

10.7 

Specific  gravity 
flask,  0.5* 

[174] 

“ 

Ar,  quartz 

240-600 

4.00 

•  ft 

Maximum  pressure, 

0.5* 

[141] 

Ultra-pure 

Argon 

172-400 

4.01310.02 

11.67 

Hydrostatic  suspen¬ 
sion 

[143] 

High 

Ar,  AliOt 

460-750 

5.797 

5.39 

Maximum  pressures 

[19] 

* 

Vacuum,  quartz 

492-1000 

5.83 

8 

Specific  gravity 
flask,  0.5* 

[174] 

- 

Ar,  quartz 

450-900 

5.69 

-ft 

Maximum  pressures 

[125] 

99.7 

Nitrogen,  glasa 

451-720 

5.86 

7.3 

Dllatometry,  0.7* 

[14] 

- 

He,  Alt0i 

1244-1440 

5.81 

Specific  gravity 
flask 

[23] 

99.9 

He,  AliOi 

1350-1550 

5.72 

7 

nesting  drop,  2.5* 

[164] 

99.9 

Ar 

1660-1900 

5.76 

9.30 

Suspended  drop, 
1.45-2.31* 

[87] 

99.75 

Ar 

1350-1550 

5.58 

7.0 

[56] 

Zoned-refincd 

(Specimen) 

Vacuum 

18.4 

Combined,  0.6* 

[108] 

0.04Z  C 

AljO, 

1545 

6.97 

Hydrostatic  suspension 

(93) 

0.03*  C 

MgO.W 

1535-1710 

7.225 

10 

Manometer 

191) 

Carbonized 

Ar,  A1|0| 

1510-1700 

7.13 

10 

Lying  drop 

[167  J 

99.9 

Vacuus,  Hi, 

AliO, 

1564 

7.0 

Specific  gravity  flask 

[135] 

99.98 

Ar,  Hj,  BeO 

1550 

7.2 

Resting  drop 

[144. 

146] 

99.95 

Ar,  AlfOi 

1550-1700 

7.037 

14.5 

[127) 

99.90 

Ar,  Al]0)i 

1527-2227 

7.014 

8.358 

Hydrostatic  suspen¬ 
sion,  10.009  g/cm* 

[121] 

1532-2827 

7.015 

8.83 

Maximum  pressures  + 
hydrostatic  suspen¬ 
sion 

114) 

- 

He,  Ho,  A1{0| 

1600 

7.11 

dllatometry,  2* 

[15) 

99.99 

- 

1535-1850 

7.03 

* 

Large  drop,  0.2* 

[24] 

99.99 

He,  AljOi 

1500 

7.13 

Resting  drop,  5* 

[112] 

Ar,  AliOj 

1535-1635 

7.075 

12.34 

Maximum  pressures, 
0.85X 

[68.76) 

99.99 

He,  A120)Bc0 

1535-1880 

7.00 

8.62 

Large  drop,  0.5* 

[64) 

99.93 

He,  H2f  A120j 

1550 

7.13 

Large  drop,  1.5X 

11] 

“ 

He,  HgO 

1540 

7.036 

8.17 

Specific  gravity 
flask 

[163] 

99.9 

Ar 

1535-2200 

7.02 

8.17 

Suspended  drop 

[45) 

99.99 

He,  A120i 

1535-1900 

7.06 

.ft 

Large  drop,  0.5-1* 

[72) 

99.9 

He,  AlfOi 

1535-1750 

7.146 

10 

Large  drop,  1* 

162, 

164) 

164) 


99.9 

99.9 


Ar 

Ar,  AljOl 


1800-2150 

1535-2150 


7.03 

7.04 


8.53 

8.53 


165) 

[441 


Suspended  drop, 
1.44X 

Mix i mum  pressures  ♦ 
suspended  drop 
l.irgc  drop,  1.8* 
Large  drop 


99.99 

V-3 


Hj,  AljOj 
Ar,  nitrogen 


1535-1850 


7.05 

7.03 


7.3 

12 
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TABLE  1.  DENSITY  OF  LIQUID  METALS  (Continued) 


Mu  till 

Year 

urn 

cnees 

Purity 

1  | 
Conditions  of  ( 

|  Experiment  j 

t,  *C 

. 

D_  g/cm* 

1.  ,d£  •  10“. 

\  dt 

i  rJ cm5  *C 

7 

;  Method,  Accuracy 

1 

I 

* 

w 

1971 

f*j] 

V-3 

Vacuum,  H?,  BcO, 

1535-1950 

7.05 

8 

Large  drop,  1Z 

llj+  Nitrogen 

1972 

157) 

A-2,  99.999 

He,  AljO) 

1535-1800 

7.07 

8.30 

Large  drop,  1Z 

i.  ; 

1972 

11*0] 

99.96 

Ar,  ZrOj 

1535-1700 

7.024 

6.2 

Hydrostatic  suepen- 

- 

Ft 

slon,  10.03  %/cm} 

- : 

1972 

135.74] 

A-2,  V-3 

He,  blackening 

1540-1750 

7.05 

7.2 

Resting  drop, 

10.018  g/ cm* 

■ 

ZrOj 

9 

1973 

1*1] 

99.94 

He 

1600 

7.0 

Resting  drop 

1973 

1*1] 

99.94 

He 

1535-1650 

7.05 

6.96 

Gaimsa  method,  0.3Z 

1974 

[85] 

V-3 

He,  AljOi 

1539-1750 

7.078 

6.5 

Gamma  method. 

•  -■  i 

* 

10.014  g/cn’ 

■ 

1957 

[135] 

99.99 

Ar,  AljO,, 

1550 

7.8 

Resting  drop 

j 

1960 

[1*4. 

99.99 

ArOj,  ThOj 

Ar,  AljO) 

1500-1700 

7.67 

11.97 

Maximum  pressures 

1461 

*  ' 

1963 

[61] 

Cathode 

Vacuum,  AljO) 

1600 

7.84 

Resting  drop 

1963 

[126] 

99.9 

Ar ,  Zr02 »  ThOj 

1495-2127 

7.989 

10.857 

Maximum  pressures. 

• 

1964 

[15] 

99.89 

1492-1650 

7.76 

* 

10.02  g/cn* 

Large  drop,  0.2Z 

1964 

[112] 

- 

Ar,  AljO) 

1500-1580 

7.761 

16.52 

Maximum  pressures. 

", 

0.85Z 

i 

Co 

1965 

[68.76] 

99.2 

He,  BeO,  Al,0j 

1492-1880 

7.71 

10.2 

Large  drop,  0»SZ 

sm  •  -  -  -a 

1966 

[23] 

99.99 

He,  AljO) 

15SO 

7.62 

Resting  drop,  2.5Z 

■ 

1967 

[163] 

99.53 

Ar 

1492-2200 

7.76 

9.88 

Suspended  drop 

r.  f 

1968 

[72] 

99.99 

He,  A1203 

1500-1750 

8.005 

10.0 

Large  drop,  1Z 

,* 

1969 

[162] 

99.  te 

Ar 

1780-2200 

7.77 

10.17 

Suspended  drop, 

1.44Z 

'  % 

1969 

[164] 

99.53 

Ar,  AljO) 

1492-2200 

7.74 

9.50 

Maxinun  pressures 

♦  suspended  drop 

1969 

[*, *9] 

99.98 

Ar 

1500-1750 

8.06 

12.5 

Large  drop,  1Z 

1970 

[81] 

99.99 

He,  AljO) 

1492-1850 

7.87 

8.1 

Large  drop,  1Z 

-  • 

■ 

1972 

[140] 

99.95 

Ar,  A120),  ZrOj 

1492-1750 

7.75 

7.1 

Hydrostatic  sue- 

5 

pension,  10.06  g/cn* 

“  J 

1930 

[93] 

0.2IC 

MgO,  CO,  V 

1500 

7.764 

Henoneter 

■  n 

1960 

[14*. 

99.85 

Ar,  AljO) 

1471-1671 

7.77 

10.81 

Maximus  pressures 

,  - 

1*6] 

1963 

[126] 

99.8 

Ar ,  ZrOj ,  Th02 

1455-2127 

7.905 

11.589 

lydrostatlc  ■ us pen- 

slon,  10.020  g/cn* 

i 

1963 

134,61]  Electrolytic 
Q4.Q9 

He,  A120j 

1500-1790 

7.78 

6.0 

Resting  drop 

* 

1964 

[15] 

99.7 

- 

1453-1850 

7.83 

•  * 

Large  drop,  2Z 

■- 

1965 

[68,76] 

99.99 

He,  BcO,  A120) 

1453-1880 

7.83 

10.4 

Large  drop,  5Z 

Mi 

1966 

U) 

He,  HgO 

1500 

7.67 

Specific  gravity 
flask 

l . 

1966 

[23] 

99.98 

He,  AljO) 

1500 

7.70 

Resting  drop,  2.5Z 

1967 

[163] 

99.95 

Ar 

1453-2200 

7.91 

10.00 

Suspended  drop 

1968 

[72] 

99.99 

He,  AI2O) 

1455-1750 

7.908 

13 

Large  drop,  1Z 

m  \  * 

c» 

1969 

[162, 

99.95 

Ar 

1890-2150 

7.95 

10.80 

Suspended  drop. 

164] 

1.44Z 

1969 

116*1 

99.95 

Ar,  A120| 

1453-2150 

7.89 

9.91 

Maximum  pressure  + 
sun pended  drop 

1969 

[65] 

99.99 

He,  AljOi 

1453-1850 

7.81 

8.7 

Large  drop,  1.8Z 

Adp/dT-8Z 

•; 

1969 

[4.52] 

99.9 

Ar 

1453-1750 

7.93 

12.5 

Large  drop 

; 

i 

r~ 

1972 

(1*01 

99.85 

Ar,Zr0j 

1453-1700 

7.79 

6.8 

Hydrostatic  suspen¬ 
sion,  10.03  g/cm* 

1961 

(1**. 

99.95 

Ar,  A120i 

1560-1805 

10.49 

11.94 

Maximum  pressures 

Pd 

*5) 

1968 

[72] 

99.99 

He,  AljOi 

1560-1750 

10.398 

11.59 

Large  drop,  1Z 

1974 

154] 

Pd;  99.9 

Vacuum 

‘n 

10.52 

Combined,  0.83Z 

Ir 

1974 

[54] 

99.9 

Vacuum 

19.39 

- 

Combined,  0.71Z 

1 


b 


It  may  be  of  interest  to  note  that  the  method  of  determining  the  density 
according  to  the  dimensions  of  the  liquid  drop  has  been  used  to  produce  40%  of 
the  data;  the  method  of  "Maximum  Pressure"  in  a  gas  bubble,  20%;  the  method  of 
the  "Specific  Gravity  Flask",  17%;  and  the  "Hydrostatic  Suspension"  method, 

15%. 

In  Table  1  we  include  only  those  works  in  which  the  temperature  dependence 
of  the  density  in  the  investigated  temperature  range  is  given  by  the  linear 
dependence 

3?  <'-*.>  «> 

Table  1  is  arranged  according  to  the  grouping  of  the  periodic  order  pro¬ 
posed  by  D.J.  Mendeleev  for  convenience  in  systematizing  of  the  metals. 

We  could  not  include  in  the  table  the  temperature  dependence  of  the  den¬ 
sity  of  lithium,  sodium,  and  potassium  obtained  in  ref.  [170]  by  the  method  of 
maximum  pressure  in  the.  gaseous  bubble  because  the  experimental  data  were  pre¬ 
sented  only  in  graphical  form  from  which  it  was  very  difficult  to  read  the 
numerical  data  witli  an  adequate  degree  of  accuracy. 

Also  not  included  in  Table  1  is  the  value  of  the  density  of  liquid  rub- 
edium  in  the  range  870-1720°C  and  liquid  cesium  in  the  temperature  range  600- 
1770°C  presented  in  ref.  [109].  The  author  of  ref.  [118]  extrapolated  the 
values  of  the  density  for  rubidium,  obtained  in  the  ref.  [109]  by  means  of  the 
equation. 

pu.  =  1.568  -  4.769  x  10“4  t  (2) 

Kb 

For  the  case  of  some  metals,  the  temperature  dependence  of  density  is 
very  complex;  therefore,  they  are  not  presented  in  the  table. 

On  the  basis  of  the  analysis  of  the  literature  data  through  1967,  the 
authors  proposed  in  the  temperature  range  from  the  melting  point  to  1400°C 
the  following  interpolation  equation  for  the  density  of  liquid  potassium 

=  0.84  3  -  2. '3  x  10”"  t  -  8  x  10-’  t7  (3) 

However,  for  liquid  cesium,  for  temperatures  up  to  1300 °C,  the  equation  is 
P_  =  1.857  -  5.08  x  10-'*  t  -  0.087  x  10_r’  t7  (4) 
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Presented  in  ref.  [6]  are  the  tabulated  values  of  the  density  of  liquid  rubid¬ 
ium  up  to  1400°C.  The  data  for  rubidium,  in  the  temperature  range  from  270° 
up  to  1336°C,  can  be  approximated  by  the  following  equation  with  a  root  mean 
square  deviation  of  ±  0.28%. 


=  1.361  -  0.041 


2.6  x  10“4 


t-3Qp] 2 
100 


21.1  x  10“* 


t-300l  3 
100 


The  density  of  liquid  cesium  can  be  described  over  the  full  temperature  range 
by  a  single  equation 


,  ~  ft-200)  ,  „  ft-200) 7 

pcs  =  1>747  "  °-056  ['Too-)  _  6-2  x  10  fI6o~J  *  (6) 

Information  about  the  early  investigations  of  the  density  of  liquid  copper  is 
compiled  in  ref.  [143]. 

Supplementary  information  can  be  obtained  from  ref.  [153]  for  magnesium. 
According  to  [153],  works  up  to  1941  encompass  a  narrow  temperature  range  of 
investigation  of  the  density  of  liquid  magnesium.  The  observed  values  of  the 
density  of  liquid  magnesium  at  the  melting  point  conform  well  among  themselves 
and  with  the  data  of  [153].  While  the  values  of  the  temperature  coefficient  p 

varies  from  -0.8  x  10-1*  to  -18.1  x  10-4  g  cm-3  C-1  •  degree. 

It  must  be  noted  that  in  ref.  [153],  to  which  we  give  preference,  that 
during  the  investigation,  the  magnesium  was  floated  in  a  steel  cup;  and  at  the 
time  of  the  experiment,  up  to  0.5%  of  the  steel  went  into  the  melt.  Although 
the  authors  introduced  an  appropriate  correction  for  the  presence  of  iron  in 
magnesium  for  specific  values  of  density,  the  value  of  the  temperature  coeffi¬ 
cient  of  the  density  of  magnesium  is  impossible  to  compute  with  certainty. 

As  noted  from  Table  1,  an  indirect  dependence  of  density  on  temperature 
is  found.  The  data  are  presented  by  the  equation  for  the  temperature  depend¬ 
ence  of  the  thermal  coefficient  of  volumetric  expansion  of  liquid  mercury 


a  x  108*  18144.01  +  0.7016  t  +  28.625  x  10-4t2  +  2.216  x  10'6t3  (7a) 

However,  for  temperatures  up  to  300°C  the  data  of  refs.  [96,  119)  can  be  rep¬ 
resented  with  a  precision  of  +  .01%  by  the  following  equation: 


=  13.69035  -  2.41  x  10"3  (t-234.3) 


(7b) 


Ref.  [110]  reports  data  on  the  density  of  mercury,  with  a  purity  of  99.99%,  in 
the  temperature  range  of  20-1450°C  and  pressures  of  1-1500  atm.  The  results 
are  tabulated  in  the  ref.  [110]. 

Reference  [16]  reports  values  of  the  atomic  volumes  of  liquid  uranium  and 
of  plutonium  at  the  melting  point  (13.30  and  14.52  cm3  g*atom-1,  respectively) 
from  which  it  follows  that  the  density  of  liquid  uranium  at  the  melting  point 
equals  17.90  g  cm-3  and  for  plutonium  it  is  16.80  g  cm*3. 

Reference  [168]  indicates  that  in  a  series  of  works  the  temperature  depend¬ 
ence  of  liquid  uranium  and  plutonium  was  investigated.  Unfortunately,  however, 
we  were  not  able  to  locate  the  original  references. 

Reference  [148]  reports  on  the  indirect  dependence  on  temperature  of  the 
density  of  liquid  aluminum.  In  the  temperature  range  of  660-1500°C  the  temper¬ 
ature  coefficient  of  p  changes  from  -2.6  x  10-4  to  -4.0  x  10~4gm  cm*3  C*1. 

For  liquid  gallium,  refs.  [10,  11]  also  report  an  indirect  linear  depend¬ 
ence  of  density  on  temperature.  While  for  aluminum  the  value  of  the  tempera¬ 
ture  coefficient  of  the  density  increases  with  increasing  temperature;  for 
gallium  the  temperature  coefficient  of  density  decreases  from  -7.208  x  10-4 
at  low  temperatures  to  -5.127  x  10"4  gm  cm*3  C"1  in  the  temperature  range  of 
800-11 20 °C. 

Reference  [142]  reports  an  indirect  dependence  of  p  on  temperature  for 
liquid  lead.  In  the  temperature  range  330-1550°C  the  data  are  represented  by 
the  equation: 

ppb  -  10.665  -  12.64  x  10“4  (t-tm)  +  10.08  x  10"8  (t-tm)2  (8) 

For  liquid  antimony,  ref.  [128]  reports  a  complex  dependence  p  on  tempera¬ 
ture  over  the  range  of  630-16378C.  The  data  are  approximated  by  the  equation 

pOL  =  6.596  +  2.022  x  10~4  t  -  3.629  x  10"7  t2  (9) 

bn 

Scrutinizing  the  data  quoted  in  Table  1,  one  observes  that  in  the  majority 
of  cases  the  density  of  liquid  metals  has  been  determined  near  the  melting 
points.  However,  at  the  present  time  there  is  no  experimental  data  for  many 
of  the  rare  earths.  Some  metals  belonging  to  the  actinides  are  not  thoroughly 
investigated.  Ruthenium,  osmium,  and  other  elements  not  available  in  suffi¬ 
cient  quantities  for  experimentation  purposes  are  not  investigated  at  all. 
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We  used  the  periodic  dependence  of  the  atomic  volumes  of  the  molten  metals 
at  their  melting  points  vs.  their  atomic  numbers  to  estimate  the  density  of  a 
series  of  liquid  elements  (see  Figure  1).  The  investigation  of  the  structure 
of  liquid  metals  gives  a  basis  to  conclude  that  the  type  of  packing  of  the 
atoms  of  the  metals  is  maintained  during  melting.  By  taking  into  account  the 
agreement  of  the  variation  of  the  atomic  volume  of  the  metals  with  the  atomic 
number  in  the  solid  and  liquid  states,  we  estimated  the  density  of  lanthanum, 
ruthenium,  and  osmium  (Table  2)  at  the  melting  point. 

The  temperature  coefficients  of  the  densities  of  liquid  metals  are  not 
well  studied.  Even  for  such  elements  as  copper,  silver,  cadmium,  aluminum, 
and  tin,  the  temperature  coefficients  of  the  densities  according  to  the  data 
of  the  different  investigators  differ  from  each  other  by  more  than  two  fold. 
Therefore,  theoretical  investigations  of  the  temperature  dependence  of  the 
density  of  liquid  metals  as  well  as  the  establishment  of  empirical  and  semi- 
empirical  relations  which  enable  the  estimation  of  the  temperature  coefficient 
of  the  density  of  molten  metals  assumes  special  significance.  In  this  connec¬ 
tion,  the  work  of  ref.  [168]  is  of  particular  importance.  Here  the  author 
gives  an  equation  for  the  estimation  of  the  temperature  coefficients  of  liquid 
metals  not  as  yet  studied.  Assuming  that  the  density  of  the  liquid  metals  in 
a  narrow  temperature  range  can  be  described  by  an  equation  of  the  form, 

p  =  A  +  BT  (10) 

where  T  is  the  temperature  in  "K,  a  is  a  constant,  and  B  is  the  temperature 
coefficient  of  density;  on  the  basis  of  the  experimental  data  on  the  tempera¬ 
ture  dependence  of  the  density  of  34  elements  the  author  derives  the  values  of 
A  on  p  at  the  melting  point.  Data  with  a  reasonable  scatter  fall  on  a  straight 
line  whereby  it  appears  that 

<n> 

Taking  into  account  that 

Pm  -  A  +  BT  (12) 

m  m 

one  can  derive  the  expression 


(13) 


TABLE  2 


ESTIMATES  OF  THE  DENSITY  p  AND  ITS  TEMPERATURE  COEFFICIENT 

m 

FOR  SOME  LIQUID  METALS 


METAL 

Pm.  g/cm3 

-  B-IO" 

g/cm3  °K 

According  to 
Equation  13 

According  to 
Equation  16 

Samarium 

7.18 

4.27 

3.11 

Europium 

5.08 

3.69 

2.94 

Gadolinium 

7.52 

3.80 

2.82 

Terbium 

7.83 

3.85 

2.60 

Dysprosium 

8.11 

3.86 

2.99 

Holmium 

8.34 

3.85 

3.01 

Erbium 

8.58 

3.88 

3.12 

Thulium 

8.83 

3.89 

3.27 

Ytterbium 

6.70 

4.89 

3.92 

Lutetium 

9.31 

3.86 

3.05 

Ruthenium 

10.06 

2.98 

7.85 

Osmium 

19.50 

4.46 

8.91 

For  estimates  of  the  temperature  dependence  of  the  density,  one  can  also 
use  the  following  considerations.  As  already  noted  [13],  metals  with  bcc, 
fee  and  hep  structures  conserve  their  own  packing  in  the  first  coordinate 
range,  during  melting  and  near  the  melting  point.  In  such  cases  it  can  be  as¬ 
sumed  that  the  density  of  the  super-cooled  liquid  without  defect,  at  0°K,  ap¬ 
proaches  the  density  of  a  solid  at  the  same  temperature.  Then  in  eq.  (10) 

A  =  P  (15) 

o 

and 


m 


For  verification  of  the  validity  of  our  proposed  method  of  estimating  the  tem¬ 
perature  coefficient  of  the  density  of  liquid  metals,  as  well  as  eq.  (13),  we 
selected  metals  for  which  the  temperature  coefficients  of  the  densities  is  con¬ 
sidered  to  be  sufficiently  accurate.  Table  3  lists  the  results  obtained.  On 
the  average,  the  values  calculated  according  to  eq.  (16)  are  one-third  closer 
to  the  experimental  data  than  the  values  obtained  from  eq.  (13).  If  one  were 
to  sum  up  the  absolute  values  of  AB  and  take  the  average,  then  the  results  ob¬ 
tained  from  eq.  (16)  would  exhibit  a  24%  scatter. 

It  must  be  noted  that  eq.  (16)  does  not  apply  to  elements  with  loose  pack¬ 
ing  in  the  solid  state. 

In  the  calculation  of  p,  data  were  used  on  the  temperature  coefficient  of 
expansion  of  the  elements  which  were  presented  in  refs.  [66,  73,  84]  and  also 
in  [83]. 

It  is  interesting  to  note  that  the  results  obtained  using  eq.  (13)  in 
general  are  lower  than  the  experimental  data;  at  the  same  time,  the  values  pre¬ 
dicted  by  eq.  (16)  tend  to  be  higher  than  the  experimental  data. 

If  the  metals  in  the  iron  group  are  excluded,  for  which  both  eqs.  (13)  and 
(16)  are  unsuitable,  then  the  results  obtained  from  eq.  (13)  can  be  considered 
to  yield  the  lower  limit  of  the  expected  coefficient  of  density  for  liquid  metal 


TABLE  3 


11.589 


AO 
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and  those  obtained  from  eq.  (16)  can  be  considered  to  represent  the  upper 
limit. 

To  estimate  the  coefficient  of  density  of  univestigated  metals  we  used 
both  equations  (see  Table  2). 

Those  data  which  at  the  present  time  can  be  recommended  for  use  are 
reported  in  Table  4.  In  this  table  are  included  the  calculated  values  of  the 
atomic  volume  at  the  melting  points  and  the  volume  coefficient  of  thermal  ex¬ 
pansion  of  liquid- metals  at  the  melting  point,  combined  with  the  temperature 
coefficient  of  molten  metals  reported  by  ref.  [47] 


a 


p  dT 
in 


(17) 


Values  of  the  temperature  coefficient  of  the  density  of  unknown  molten  metals 
have  been  calculated  using  eq.  (16). 

In  closing,  one  arrives  at  the  following  conclusions. 

For  most  of  the  metals,  the  density  of  the  liquid  at  the  melting  point 
have  been  experimentally  defined.  Development  of  methods  which  avoid  physical 
contact  in  the  determination  of  the  density  allows  one  to  hope  that  in  the 
near  future  new  information  about  the  density  of  refractory  and  chemically 
active  metals  will  become  available.  Current  knowledge  on  such  metals  is  frag¬ 
mentary. 

The  knowledge  of  the  temperature  dependence  of  the  density  of  liquid  metals 
is  most  inadequate.  In  the  majority  of  cases  the  available  data  are  mutually 
inconsistant  and,  hence,  unreliable;  therefore,  systematic  new  investigations 
are  necessary.  One  must  note  that  the  opportunities  provided  by  the  traditional 
methods  of  determining  the  temperature  dependences  of  the  density  of  liquid 
metals  have  not  been  fully  utilized.  The  accuracy  of  such  methods  as  the  hydro¬ 
static  suspension,  pycnometry,  maximum  pressures  in  a  gas  bubble,  anc  drops, 
inherently  can  yield  the  temperature  coefficient  of  density  with  much  greater 
reproducibility  than  that  found  in  past  works. 

Since  the  reliability  of  the  data  on  the  temperature  coefficients  of  the 
density  of  metals  is  low,  it  is  necessary  to  present  the  value  of  the  capillary 
constant  as  a  source  of  information  in  terms  of  the  surface  properties  of  liquid 
metals  and  their  temperature  dependences. 


TABLE  4.  RECOMMENDED  VALUES  OF  THE  DENSITY  OF  LIQUID  METALS  AND 
THEIR  TEMPERATURE  COEFFICIENT 


Based  on  the  availability  of  reliable  information  in  the  future,  it  will 
be  easy  to  obtain  from  the  capillary  constant  the  value  of  the  free  surface 
energy. 


REFERENCES 


1.  Abu  El'-Khasan,  K.,  Abdel'  Aziz,  Vertmen,  A. A.  and  Samarii,  A.M.,  "Thermo¬ 
chemistry  of  Melts  Based  on  Iron  and  Nickel,"  Izv.  Akad.  Nauk  SSSR,  Metally 
(3),  pp.  19-30,  1966. 

2.  Alchagirov,  B.B.,  "Surface  Tension,  Density,  and  Electron  Work  Function  of 
Certain  Binary  Metallic  Melts,"  (Author's  abstract  of  candidate's  thesis), 
KBGU,  Nalchik,  p.  23,  1974. 

3.  Andreev,  A.P.,  Izmaylov,  V.A.,  Ivakhienko,  I.S.  and  Kashin,  V.I.,  "Den¬ 
sity  of  Silver  with  Germanium,"  Izv.  Akad.  Nauk  SSSR,  Metally,  (2),  pp.  69- 
71,  1974. 

4.  Ayushina,  G.D.,  Levin,  E.S.  and  Gel'd,  P.V.,  "Effect  and  Composition  on 
Density  and  Surface  Energy  of  Liquid  Alloys  of  Aluminum  with  Cobalt  and 
Nickel,"  Zhur.  Fiz.  Khim. ,  43(11),  pp.  2756-60,  1969. 

5.  Ayushina,  G.D.,  Levin,  E.S.  and  Gel'd,  P.V.,  "Effect  of  Temperature  and 
Composition  on  the  Density  of  Liquid  Alloys  of  Aluminum,"  Zhur.  Fiz.  Khim., 
42(11),  pp.  2799-2803,  1968. 

6.  Basin,  A.S.,  "Experimental  Investigation  of  the  Density  of  Rubidium  and 
Cesium  in  the  Temperature  Range  15°C  to  1300°C,"  (Author's  abstract  of 
candidate's  thesis),  Novosibirsk,  Inst.  Teplofizika  SO  Akad.  Nauk  SSSR, 

24  pp.,  1970. 

7.  Basin,  A.S.,  Genrikh,  Ye.  N.  and  Kaplun,  A.B.,  et  al.,  "Investigation  of 
the  Thermal  Properties  of  Alkali  Metals  Near  the  Melting  Point,  Solidify¬ 
ing  Point  and  at  High  Temperatures,"  Teplof izicheskie  Svoistva  Zhidkostei, 
Moscow  (Nauka),  pp.  14-19,  1973. 

8.  Basin,  A.S.,  Kozlov,  B.N.,  "On  the  Nature  of  the  Temperature  Dependence  of 
Mean  Density  of  Gallium  and  Gallium-Tin  Alloys  in  the  Region  of  Melting," 
Issiedovanie  Teplof izcheskikh.  Svoistv  Rastvorov  i  Rasplavov,  Novosibirsk 
(Nauka),  pp.  98-116,  1974. 

Basin,  A.S.  and  Solov'ev,  A.N.,  "Experimental  Investigation  of  the  Temper- 
ature  Dependence  of  the  Density  of  Potassium,  Rubidium  and  Cesium,"  Teplo- 
fizicheskle  Svoistva  Zhidkostei,  Moscow  (Nauka),  pp.  99-103,  1970. 


47 


10.  Basin,  A.S.  and  Solov'ev,  A.N.,  "Investigation  of  the  Density  of  Liquid 
Lead,  Cesium,  and  Gallium  by  the  Gamma-Method,"  Zhurnal  Prikl.  Mekhaniki 
i  Tekhnicheskoi  Fiziki,  (6),  pp.  83-87,  1967. 

11.  Basin,  A.S.  and  Solov’ev,  A.N.  "Investigation  of  the  Density  of  Liquid 
Metals  by  the  Gamma-Method,"  Issledovaniya  Teplof izicheskikh  Svoistv 
Veshchestv,  pp.  56-78,  1967. 

12.  Baum,  B.A.  and  Gel'd,  P.V.,  "Density  and  Surface  Tension  of  Alloys  of  the 
Chromium-Silicon  System,"  Poverkhnostnye  Yavleniya  Rasplavakh  Voznlkayu- 
shchikh  Nikh  Tverd.  Fazakh,  Nalchik,  Kabardino-Balkapckoe  Kn.  Izd-vo,  pp. 
293-96.,  1965. 

13.  Belashchenko,  D.K.  and  Spektor,  Ye,  Z.,  "Investigation  of  the  Struture  of 
Liquid  Metals,"  Itogi  Nauki  Tekhniki.  Teoriya  Metallurgicheskikh  Protessov, 
2,  Moscow,  Viniti,  pp.  5-54,  1973. 

14.  Vatolin,  N.A.  and  Esin,  O.A.,  "Density  of  Liquid  Alloys  of  Manganese  with 
Silicon,  Iron  and  Carbon,"  Fizika  Metallov  i  Metallovedeniya,  L6(6),  pp. 
936-37,  1963. 

15.  Vertman,  A. A.,  Samarin,  A.M.  and  Filippov,  Ye.  S.,  "Density  of  Iron,  Nickel, 
Cobalt,  and  Cobalt  in  the  Solid  and  Liquid  States,"  Doklady  Akad.  Nauk, 

SSSR,  155(2),  pp.  323-25,  1964. 

16.  Wilson,  D.R.,  Structure  of  Liquid  Metals  and  Alloys,  Moscow  (Metallurgiya) , 
247  pp.,  1972. 

17.  Vukalovich,  M.P.,  Aleksandrov,  A. A.  and  Okhotin,  V.S.,  "The  Density  of 
Bi2Tea,  Sb2Te3,  B^Ses,  and  Sb2Se3  in  Solid  and  Liquid  States,"  Teplof izi- 
cheskie  Svoistva  Tverdykh  Veshchestv,  Moscow  (Nauka),  pp.  24-8,  1971. 

18.  Gel'd,  P.V.  and  Gertman,  Yu.  M.,  "Bulk  Effects  During  Movement  of  Liquid 
Silicon  and  Iron,"  Fizika  Metallov  i  Metallovedeniya,  10(5),  pp.  793-94, 
1960. 

19.  Glazov,  V.M.,  Chizhevskaya ,  S.N.  and  Glagoleva,  N.N.,  Zhidkiye  Poluprovod- 
niki,  Moscow  (Nauka),  220  pp.,  1967. 

20.  Gol'tsova,  Ye.  1.,  "Density  of  Lithium,  Sodium  and  Potassium  up  to  1500- 
1600°C,"  Teplofizika  Vysokikh  Temperatur,  4(3),  pp.  360-63,  1966. 


1 


7  ■  .  1 

;  -  J 

■  -\l 


48 


B 


a 


% 


% 


« 


< 


21.  Gol’tsov,  Ye.  I.,  "Experimental  Determination  of  the  Density  of  Liquid 
Aluminum  up  to  1500  °C,"  Teplofizika  Vysokikh  Temperatur,  3(3),  pp.  483- 
86,  1965. 

22.  Deryabin,  A. A.,  Saydulin,  R.A.  and  Popel',  S.I.,  "Properties  of  Discon¬ 
tinuous  Melts  of  Chromium-Aluminum  with  Gas  and  High-Alumna  Glass,"  Izv. 
Akad.  Nauk  SSSR,  Metally,  (6),  pp.  78-84,  1972. 

23.  Dzhemilev,  N.K.,  "Density  and  Surface  Properties  of  Iron-Cobalt-Nickel 
and  Iron-Manganese-Silicon  Melts,"  (Author’s  abstract  of  candidate’s 
thesis),  UPI,  Sverdlovsk,  15  pp.,  1966. 

24.  Dzhemilev,  N.K.,  Popel',  S.I.  and  Tsarevskiy,  B.V.,  "Isotherms  of  Density 
and  Surface  Tension  of  Iron-Chromium  Melts,"  Fizika  Metallov  i  Metallove- 
deniya,  18(1),  pp.  83-7,  1964. 

25.  Elyutin,  V.P.,  Kostikov,  V.I.  and  Levin,  V.  Ya.,  "Surface  Tension  and 
Density  of  Melts  Based  on  Chromium,"  Fizicheskaya  Khimiya  Poverkhnostnykh 
Yavlenil  Rasplavakh,  Kiev  (Nauka  Dumka) ,  pp.  153-59,  1971. 

26.  Elyutin,  V.P.,  Kostikov,  V.I.,  and  Maurakh,  M.A.,  et  al.,  "Physical  Prop¬ 
erties  of  Liquid  Refractory  Metals  and  Oxides,"  Poverkhnostnye  Yavleniya 
v  Rasplavakh,  Kiev  (Nauka  Dumka),  pp.  155-59,  1968. 

27.  Elyutin,  V.P.,  Kostikov,  V.I.  and  Pen'kov,  I.A.,  "Effect  of  Carbon  on  Sur¬ 
face  Tension  and  Density  of  Liquid  Vanadium,  Niobium  and  Molybdenum," 
Poroshkovaya  Metallurgiya,  9(93),  pp.  46-51,  1970. 

28.  Elyutin,  V.P.  and  Maurakh,  M.A.  "Density  and  Surface  Tension/Liquid  Com- 
mercial-grade-Titanium,"  Izv.  Akad.  Nauk,  SSSR,  OTN  (4),  pp.  129-131,  1956 
1956. 

29.  Eremenko,  V.N.,  Ivashchenko,  Yu.  N.  and  Martsenyuk,  P.S.,  "Investigation 
of  the  Density  and  Surface  Energy  of  Liquid,  Molybdenum  and  Tungsten," 
Vtoroe  Vsesoyuznoe  Soveshchanie  Khim  i  Technologli  Molibdena  i  Vol'prama 
[Second  All-Union  Conference  on  Chemistry  and  Technology  of  Molybdenum  and 
Tungsten  (Summary  of  talks)],  Nauchnyi  Sovet  Po  Neorganicheckii  Khmii,  AN 
SSSR  [Scientific  Council  on  Inorgani.  Chemistry,  Academy  of  Sciences,  USSR] 
Kabardine-Balkar  Gosuniversitet ,  Tyrnyauzskii  Ordena  Trudouoyo  Krasnogo 
Znomeni  Gornometnllurgicheskii  Kambinut,  Nalchik,  3,  1974. 


— 1 


49 


30.  Eremenko,  V.N.,  Ivashchenko,  Yu.  N.  and  Martsenyuk,  P.S.,  "Density  of 
Liquid  Vanadium,  Mobium  and  Tantalum,"  Mezhvuzouskaya  Nauchnaya  Konferent- 
siya  Po  Fizike  Mezhfaznykh  Yavlenii  i  Izhbrannym  Voprosam  Matematiki, 
Posvyashchennoya  50-Letiyu  Obrazovaniya  SSSR  (Scientific  Report),  Nalchik, 
pp.  47,  1972. 

31.  Eremenko,  V.N.,  Ivashchenko,  Yu.  N.  and  Khilya,  G.P.,  "Investigation  of 
Free  Surface  Energy  and  the  Density  of  Liquid  Lead,  Thallium  and  Their 
Alloys,"  Poverkhnostnye  Yavleniya  v  Rasplavakh,  Kiev  (Nauk  Dumka),  pp.  165- 
69,  1968. 

32.  Eremenko,  V.N.  and  Naydich,  Yu.  V.,  "Measurement  of  the  Surface  Tension  and 
Density  of  Liquid  Chromium,"  Izv.  Akad.  Nauk,  SSSR,  OTN,  Metallurgiya  Top- 
livo,  (2),  pp.  111-12,  1959. 

33.  Eremenko,  V.N.  and  Naydich,  Yu.V.,  "Measurement  of  the  Surface  Tension  and 
Density  of  Liquid-Platinum,"  Izv.  Akad.  Nauk,  SSSR,  OTN,  Metallurgiya  Top- 
livo,  (6),  pp.  129-31,  1959. 

34.  Eremenko,  V.N.  and  Nizhenko,  V.I.,  "Surface  Properties  of  Liquid  Alloys 
Based  on  Nickel.  I.  Ni-Sn-Al203  System,"  Ukr.  Khim.  Zhurn.,  30(2 )  pp.  125- 
132),  1964. 

35.  Eremenko,  V.N.,  Nizhenko,  V.I.  and  Sklyarenko,  L.I.,  "Surface  Phenonema  in 
Melts  and  Originating  from  Their  Solid  Phase,"  Poverkhnostnye  Yavleniya 
Rasplavakh  Voznikayushchikh  Nikh  Tverd.  Fazakh,  Nalchik,  Kabardina-Balkarskoe 
Kn.  Izd-vo,  pp.  287-92,  1965. 

36.  Ivashchenko,  Yu.  N.  and  Martsenyuk,  P.S.,  "Measurement  of  the  Density  of 
Molten  Refractory  Meterial,"  Zavod.  Lab.,  39(1),  pp.  42-45,  1973. 

37.  Ivashchenko,  Yu.  N.  and  Martsenyuk,  P.S.,  "Correction  for  Measurement  of 
Surface  Energy  and  Density  of  Melts  of  Refracting  Metals  by  the  Liquid  Drop 
Method,"  Teplofizika  Vysokikh  Temperatur,  Ll(6),  pp.  1285-1287,  1973. 

38.  Ivashchenko,  Yu.  N.  and  Khilya,  G.P.,  "Correction  for  Measurement  of  Free 
Surface  Energy,  Contact  Angle  and  Density  of  Melts  by  the  Liquid  Drop  Method," 
Pribory  i  Tekhnika  Eksperimenta,  (6),  pp.  208-11,  1972. 

39.  Karamurzov,  B.S.,  "Surface  Tension,  Density  and  Electron  Work  Function  of 
Eutectic  Binary  Systems  Based  on  Gallium,"  (Author's  abstract  of  candidate's 
thesis),  Kabardino-Balk,  Gosun-t,  Nalchik,  20  pp.,  1975. 


i 


i 


_ ] 


50 


40.  Karashaev,  A. A.,  Zadumkin,  S.N.  and  Dokhov,  M.P.,  "Surface  Tension  of  Liquid 
Iodine,"  Poverkhnostnye  Yavleniya  v  Zhidkostyakh  i  Zhidkikh  Rastvorakh, 
Leningrad,  pp.  99-102,  1973. 

41.  Karmalin,  Yu.  N.,  Stasyuk,  G.F.  and  Gladkov,  M.I.,  et  al.,  "Measurement 
of  the  Density  of  Iron  During  the  Utilization  of  Penetrating  Radiation," 
Zavod.  Lab.,  39(5),  pp.  553-554,  1973. 

42.  Kozhurkov,  V.N.,  "Surface  Properties  of  Stratifying  Liquid  Metals  of  the 
Ag-(Fe-C);  Ag-(Fe-Ni);  Ag-(Ni-Co)  Systems,"  (Author's  abstract  of  candidate's 
thesis)  UPI,  Sverdlovsk,  18  pp.,  1970. 

43.  Krinochkin,  E.V.,  Kurochkin,  K.T.  and  Umrikhin,  I.V.,  "Density  and  Surface 
Tension  of  Iron  and  its  Alloys  with  Chromium,  Silicon  and  Carbon  in  a  pres¬ 
cribed  Atmosphere,"  Izv.  Akad.  Nauk,  SSSR,  Metally,  (5),  pp.  67-71,  1971. 

44.  Krinochkin,  E.V.,  Kurochkin,  K.T.  and  Umrikhin,  P.V.,  Surface  and  Inter¬ 
facial  Tension  of  Iron  in  a  Prescribed  Atmosphere.  Tret'ya  Nauchno- 
Tekhnicheskaya  Konf erentsiya  (Third  Scientific  and  Technical  Conference) 

UPI,  Sektsiya,  Metallurg.  Fakul'teta,  Sverglovsk,  12(1),  1970. 

45.  Kupriyanov,  A. A.  and  Filippov,  S.I.,  "Density  and  Structural  Changes  in 
Iron  and  Iron  Alloys  with  Carbon,"  Izv.  Vuzov.  Uernaya  Metallurgiya,  (9), 
pp.  10-15,  1968. 

46.  Levin,  Ye,  S.  and  Ayushina,  G.D.,  "On  the  Interparticle  Interaction  in 
Liquid  Ferro  Chromium,"  Zhurn.  Fiz.  Khim.,  45(6),  pp.  1399-1402,  1971. 

47.  Levin,  Ye.  S.  and  Ayushina,  G.D.,  "On  the  Coefficients  of  Volumetric 
Expansion  of  Liquid  Metals,"  Fizicheskie  Svoistva  Splavov,  Trudy  UPI,  Sverd¬ 
lovsk,  167,  pp.  91-95,  1968. 

48.  Levin,  E.S.,  Ayushina,  G.D.  and  Gel'd,  P.V.,  "Polyterro  Density  and  Surface 
Energy  of  Liquid  Aluminum,"  Teplofizika  Vysokikh  Temperatur,  6(3),  pp.  432- 
35,  1968. 

49.  Levin,  E.S.,  Ayushina,  G.D.  and  Zav'yalov,  V.K.,  "Polyterm  Density  and  Sur¬ 
face  Energy  in  Liquid  Cobalt,"  Fizicheskie  Svoistva  Metallov  i  Splavov, 

Trudy  UPI,  Sverdlovsk,  Symposium,  (186),  pp.  92-7,  1970. 


51 


50.  Levin,  E.S.,  Ayushlna,  G.D.,  Shchlpacheva ,  L.V.  and  Gel'd,  P.V.,  "Density 
and  Surface  Energy  of  Liquid  Alloys  of  the  Systems  Aluminum-Chromium  Alumi¬ 
num-Iron  and  Germanium- Iron,"  Poverkhnostnye  Yavleniya  v  Rasplavakh.  Kiev 
(Nauk.  Dumka),  pp.  191-202,  1968. 

51.  Levin,  E.S.,  Gel'd,  P.V.  and  Shchlpacheva,  L.V.,  "Thermal  Expansion  and 
Surface  Energy  in  Liquid  Germanium,"  Izv.  Vuzov.  Tsvetnaya  Metallurgiya, 

(4),  pp.  77-9,  1968. 

52.  Levin,  E.S.,  Zav'yalov,  V.K.  and  Ayushina,  G.D.,  "Effect  of  Temperature  on 
the  Density  and  Surface  Energy  of  Liquid  Nickel,"  Fizcheskie  Svoistva  Metal- 
lov  i  Splavov,  Trudy  UPI,  Sverdlovsk,  Symposium  (186),  pp.  98-102,  1970. 

53.  Levin,  E.S.,  Ignatenko,  G.F.  and  Knyshev,  Z.A.,  et  al.,  "Properties  and 
Structure  of  Liquid  Chromium  Alumide-Thermal  Reduction  Methods,"  Sbornik 
Trudov  Klyuchevskogo  Zavoda  Ferrosplavov,  4^,  pp.  18-24,  1969. 

54.  Martsenyuk,  P.S.  and  Ivashchenko,  Yu.  N.,  "Investigation  of  the  Density  of 
Liquid  Palladium,  Platinum  and  Iridium  at  the  Melting  Point,"  Ukr.  Khim. 
Zhurn.,  15(4),  pp.  431-33,  1974. 

55.  Martsenyuk,  P.S.,  Ivashchenko,  Yu.  N.  and  Eremenko,  V.N.,  "Density  and 
Surface  Energy  of  Liquid  Tungsten  at  the  Melting  Point,"  Teplofizika  Vysok- 
kikh  Temperatur,  12(6),  pp.  1310-1312,  1974. 

56.  Martsenyuk,  P.S.,  Ivashchenko,  Yu.  N.  and  Eremenko,  V.N.,  "Determination  of 
the  Density  and  Surface  Energy  of  Liquid  Rhenium,"  Fizicheskaya  Khlmiya 
Granits  Razdela  Kontaktiruyushchikh  Faz..  pp.  68-70,  1976. 

57.  Mikiashvili,  Sh.  M.,  Khomeriki,  R.V.,  Dzhincharadze,  T.I.  and  Kekelidze, 
M.A.,  "Effect  of  Zirconium  on  Density  and  Surface  Tension  of  Iron,"  Soob- 
shcheniya  Akademii  Nauk  GSSR.,  67(3),  pp.  641-44,  1972. 

58.  Milov,  I . V .  and  Skorov,  D.M.,  "On  the  Surface  Tension  of  Beryllium,"  Met¬ 
allurgiya  i  Metallovedenie  Chistykh  Metallov,  _7*  PP*  174-77,  1968. 

59.  Mokrovskiy,  N.P.  and  Regel',  A.R.,  "On  the  Connection  Between  the  Change  of 
Density  and  Surface  Electrons  During  Melting  for  Materials  with  a  Diamond 
or  Zinc  Blend  Structure,"  Zhurnal  Tekhnicheskoi  Fiziki,  2^(8),  pp.  1281- 
83,  1952. 


52 


60.  Naydich,  Yu.  V.  and  Eremenko,  V.N.,  "The  Large  Drop  Method  of  Determining 
the  Surface  Tension  and  Density  of  Molten  Metals  at  High  Temperatures," 
Fizika  Metallov  i  Metallovedeniya,  11.(6),  pp.  883-88,  1961. 

61.  Nizhenko,  V.I.,  "Surface  Properties  of  Liquid  Alloys  Based  on  Nickel," 
(Author's  abstract  of  candidate's  thesis),  In-t.  Metal lokeramiki  i  Spet- 
sial'nykh  Splavov,  Kiev,  19  pp.,  1963. 

62.  Nizhenko,  V.I.,  Eremenko,  V.N.  and  Sklyarenko,  L.I.,  "Temperature  Depen¬ 
dence  of  the  Surface  Free  Energy  and  the  Density  of  Liquid  Gallium,"  Ukr. 
Khim.  Zhurn. ,  (6),  pp.  559-63,  1965. 

63.  Novikov,  I. I.,  Rashchupkin,  V.V.,  Trelin,  Yu.  S.  and  Pavlov,  I.K.,  "Ex¬ 
perimental  Investigation  of  the  Solubility  of  Cesium  in  Lithium  in  the 

Liquid  State,"  Teplof izicheskie  Svoistva  Zhidkostei,  Moscow  (Nauka) ,  pp. 
106-10,  1970. 

64.  Popel',  S.I.,  Smirnov,  L.A.  and  Tsarevskiy,  B.V.,  et  al.,  "Effect  of  Vana¬ 
dium  on  the  Density  and  Surface  Properties  of  Iron,"  Izv.  Akad.  Nauk,  SSSR, 

Metally,  (1),  pp.  62-7,  1965. 

65.  Popel',  S.I.,  Shergin,  L.M.  and  Tsarevskiy,  B.V.,  "Temperature  Dependence 
of  the  Density  and  Surface  Tension  of  Iron-Nickel  Melts,"  Zhurnal  Fiziches- 
koi  Khimii,  43(9),  pp.  2365-68,  1969. 

66.  Savitskiy,  Ye.M.  and  Terkhova,  V.F.,  Metallovedenie  Redkoze  Mel'nykh  Metal¬ 
lov,  Moscow  (Nauka),  271  pp.,  1975. 

67.  Semenchenko,  V.K.,  Poverkhnostnye  Yavleniya  v  Metallakh  i  Splavakh,  M., 
Moscow  Gostekhiydat,  491  pp.,  1957. 

68.  Tavadze,  F.N.,  Bayramashvili,  I. A.  and  Khantadze,  D.V.,  Surface  Tension  and 
Density  of  Iron  Boride,  Cobalt  and  Nickel.  Poverkhnostnle  Yaleniya  Raspla- 
vakh  Voznikayushchikh  Nikh  Tvetd.  Fazakh,  Nalchik,  pp.  376-82,  1965. 

69.  Tavadze,  F.N.,  Bayramashvili,  I. A.,  Khantadze,  D.V.  and  Tsagareyshvili,  G.V., 
"Density  and  Surface  Tension  of  Molten  Boron,"  Doklady  Akademii  Nauk,  SSSR, 
150(3),  pp.  544-46,  1963. 

70.  Tavadze,  F.N.,  Kckua,  M.B.,  Khantadze,  D.V.  and  Tsertsvadze,  T.G.,  "Temper¬ 
ature  Dependence  of  the  Surface  Tension  of  Liquid  Germanium  and  Silicon," 
Poverkhnostnye  Yaleniya  v  Rasplavnkh  i  Ras£lavakh,  Kiev  (Nauk.  Dumka),  pp. 


53 


71.  Tavadze,  F.N.,  Khantadze,  D.V.  and  Tsertsvadze,  T.G.,  "Temperature  Depend¬ 
ence  of  the  Density  of  Liquid  Germanium,"  Voprosy  Metallovedeniya  i  Kor- 
rozii  Metallov,  Tbilisi  (Metsniereba)  ,  pp.  11-18,  1968. 

72.  Ukhov,  V.F.,  "Surface  Properties  and  Density  of  Alloys  based  on  Palladium," 
(Author's  abstract  of  candidate's  thesis),  In-t  Elektrokhimii,  Sverdlovsk, 

19  pp.,  1968. 

73.  Samsonova,  G.V.  (Editor),  Fiziko-Khimicheskie  Svoistva  Elementov,  (Nauk. 
Dumka),  pp.  807,  1965. 

74.  Floka,  L.I.,  "Specific  Volume  of  Liquid  Binary  Iron  Alloys  and  Their  Surface 
Properties  at  the, Interface  of  Gas  and  Graphite,"  (Author's  abstract  of  Can¬ 
didate’s  thesis)  In-t  Problem  Materialovedeniya,  AN,  USSR,  24  pp.,  1972. 

75.  Fogel',  A. A.,  Cidorova,  T.A.,  Mezdrogina,  M.M.  and  Chupnikov,  G.E.,  "Deter¬ 
minates  of  the  Surface  Tension  and  Density  of  Molten  Metals,  Held  in  Sus¬ 
pension  by  an  Electromagnetic  Field,"  Khimiya  Metallicheskikh  Splavov,  pp. 
223-26,  1973. 

76.  Khantadze,  D.V.,  "Surface  Properties  and  Density  of  Binary  Melts  of  Iron, 
Colbalt  and  Nickel  with  Boron,"  (Author's  abstract  of  Candidate's  thesis), 
In-t  Metallurgii  Akad.  Nauk  GSSR,  In-t  Problem  Materialovedeniya  Akad.  Nauk 
USSR,  16  pp.,  1965. 

77.  Khilya,  G.P.,  "Maximum  Free  Surface  Energy  and  Molecular  Volume  of  Some 
Systems  on  the  Line  of  Liquids,"  (Author’s  abstract  of  candidate’s  thesis), 
In-t  Problem  Materialovedeniya  Akad.  Nauk  USSR,  26  pp.,  1975. 

78.  Khilya,  G.P.,  Ivashchenko,  Yu.  N. ,  "Free  Surface  Energy  and  the  Density  of 
Liquid  Alloys  of  the  Copper-Silicon  System,"  Doklady  Akademii  Nauk  Uzbekskoi 
SSR,  (1),  pp.  69-71,  1973. 

79.  Khilya,  G.P.,  Ivashchenko,  Yu.  N.  and  Eremenko,  V.N.,  "Investigation  of  the 
Temperature  Dependence  of  the  Free  Surface  Energy  and  the  Density  of  Liquid 
Alloys  of  Copper-Germanium,"  Fizicheskaya  Khimiya  Poverkhnostnykh  Yavlenii 
Rasplavakh,  Kiev  (Nauk  Dumka),  pp.  149-53,  1971. 

80.  Chentsov,  V.P.,  "Surface  Properties  and  Density  of  Alloys  Based  on  Silver," 
(Author's  abstract  of  candidate's  thesis),  UNTS,  In-t  Elektrokhimii,  24  pp., 
1972. 


54 


81.  Shergin,  L.M. ,  "Temperature  Dependence  of  Density  and  Surface  Tension  of 
Iron-Nickel-Silicon  and  Iron-Cobalt-Silicon  Alloys,"  (Author's  abstract  of 
candidate's  thesis),  Kafedra  Teorii  Metallurg.  Protsessov  UPI,  In-t  Elek- 
trokhimii,  Akad.  Nauk  SSSR,  14  pp.,  1970. 

82.  Shpil'rain,  E.E.  and  Yakimovich,  K.A.,  "Density  of  Liquid-Lithium  Rubidium, 
and  Cesium  at  High  Temperatures,"  Teplofizika  Vysokikh  Temperatur,  j>(2), 
pp.  239-44,  1967. 

83.  Shpil'rain,  E.E.,  Yakimovich,  K.A.,  Kagan,  D.N.  and  Shelyagina,  A. A., 
"Thermodynamic  Properties  of  Condensed  Alkali  Metals,"  Teplofizicheskie 
Svoistva  Tverdykh  Tel  pri  Vysokikh  Temperaturakh,  Moscow,  published  by  the 
Committee  of  Standards,  Measures  and  Instrumentation  (Komiteta  Standartov, 
Mer  i  Izmonitel’nykh  Priborob)  at  the  Council  of  the  Secretary  USSR  (Sovete 
Ministrov  SSSR),  1,  p.  135-55,  1969. 

84.  Shul'tse,  G.,  Metallof izika,  Moscow,  Mir,  503  pp.,  1971. 

85.  Yavoyskiy,  V.I.,  "Measurement  of  Density  of  Liquid  Metals  with  the  Assist¬ 
ance  of  Gamma-Radiation,"  Izvestiya  Akademii  Nauk  SSSR,  Mete My,  (4),  pp. 
61-6,  1974. 

86.  Yakimovich,  K.A.,  and  Saars,  S.Ya.,  "Measurement  of  the  Density  of  Liquid 
Rubidium  Near  the  Melting  Point,"  Teplofizika  Vysokikh  Temperatur,  5(3), 
pp.  532-534,  1967. 

87.  Yakobashvili,  S.B.  and  Dzhaparidze,  G.A.,  "Density  and  Surface  Tension  Elec¬ 
trolytic  Manganese,"  Svarochnye  Protsessy  v  Metallurgii,  Issue  1.  Tblisi 
(Metsniereba) ,  p.  46-57,  1974. 

88.  Yatsenko,  S.P.,  Kononenko,  V.I.  and  Sukhman,  A.L.,  "Experimental  Investi¬ 
gation  of  the  Temperature  Dependence  of  Surface  Tension  and  Density  of  Tin, 
Indium,  Aluminum  and  Gallium,"  Teplofizika  Vysokikh  Temperatur,  10(1) ,  pp. 
66-71,  1972. 

89.  Addison,  C.C.,  Pulham,  R.J.,  Liquid  Metals.  Part.  IX.  "The  Densities  of 
Solutions  of  Barium  in  Liquid  Sodium,"  J.  Chem.  Soc.,  2 ,  p.  1232-34,  1963. 

90.  Addison,  C.C.,  Pulham,  R.J.,  Liquid  Metals.  Part.  VII.  "The  Density  of  Liq¬ 
uid  Barium,"  J.  Chem.  Soc.,  10,  p.  3873-76,  1962. 

91.  Becker,  G.,  Harders,  F.,  Kornfeld,  K. , "Determination  of  the  Surface  Tension 
of  Molten  Metals  from  the  Shape  of  Static  Drops,"  Arch.  Eisenhuttenw,  20 
(11/12),  p.  363-367,  1959. 


55 


92.  Bedon,  P.,  Desre,  P.,  "Density  of  Bismuth  and  Bismuth-Zinc  Alloys  in  the 
Liquid  State,"  C.r.  Acad.  Sci.,  C  274,  1,  p.  40-43,  1972. 

93.  Benedicks,  C.,  Ericsson,  N.  and  Fricson,  G.,  "Determination  of  the  Specific 
Volume  of  Iron,  Nickel  and  Iron  Alloys  in  the  Molten  State,"  Ach.  Eisen- 
huttenw,  3,  7,  p.  473-86,  1930. 

94.  Bernard,  G.,  Lupis,  C.H.P.,  "The  Surface  Tension  of  Liquid  Silver  Alloys," 
Part  1,  Silver-Gold  Alloys,  Met.  Trans.,  2,2,  p.  555-59,  1971. 

95.  Berthour,  P.E.,  Tougas,  R.,  The  Densities  of  Liquid  In-Bi,  Sn-In,  Bi-Cd 
and  Bi-Cd-Tl  Alloys,  Met.  Trans.,  1,10,  p.  2978-79,  1970. 

96.  Bigg,  D.H.,"The  Density  of  Mercury ,"  Brit.  J.  Appl .  Phys.,  15,  9,  p.  111- 
14,  1964. 

97.  Bohdansky,  J.  and  Shins,  H. E.J.  /'Surface  Tension  and  Density  of  Liquid 
Earth  Alkaline  Metals  Mg,  Ca,  Sr,  Ba,"J.  Inorg.  Nucl.  Chem.,  30,  p.  2331- 
37,  1968. 

98.  Cahill,  J.A.,  and  Kirshenbaum,  A.D.,"The  Density  of  Liquid  Bismuth  from 
Its  Melting  Point  to  Its  Normal  Bolling  Point  and  an  Estimate  of  Its 
Critical  Constants,"  J.  Inorg.  Nucl.  Chem.,  j25, 5,  p.  501-6,  1963. 

99.  Cahill,  J.A.  and  Kirshenbaum,  A.D.,"The  Density  of  Liquid  Copper  from 
Its  Melting  Point  (1356°K)  to  2500°K  and  an  Estimate  of  Its  Critical 
Constants,"  J.  Phys.  Chem.,  66,  6,  p.  1080-82,  1962. 

100.  Cay,  W.J.  and  Mateer,  R.S. /'Density  of  Molten  Aluminum  by  Maximum  Bubble 
Pressure  Method,"Am.  Soc.  Metals.  Trans,  of  ASM,  58,  p.  99-102,  1965. 

101.  Crawley,  A.F.,"The  Density  and  Viscosity  of  Liquid  Thallium,"  Trans. 

Metall.  Soc.  AIME,  242,  11,  p.  2309-11,  1968. 

102.  Crawley,  A.F.,"The  Densities  of  Liquid  Cadmium  and  Indium,"  Trans .  Metall. 
Soc.  AIME,  242,  10,  p.  2237-2238,  1968. 

103.  Crawley,  A.F.  and  Kiff,  D.K.,"The  Density  and  Viscosity  of  Liquid  Antimony," 
Met.  Trans.,  2»  1*  P*  157-59,  1972. 

104.  Crawley,  A.F.  and  Kiff,  D.R.  ."Density  of  Liquid  Bismuth,"Met  Trans.,  2, 
p.  609-10,  1971. 

105.  Cubiciotti,  D. ."Densities  of  Liquid  Solutions  of  Bismuth  and  Sulphur,"  J. 
Phys.  Chem.,  68,  3,  p.  537-40,  1964. 


106.  Culpin,  M.F.,"The  Viscosity  of  Liquid  Magnesium  and  Liquid  Calcium,"  Proc. 
Phys.  Soc.,  Section  B.  70,  Part  II,  N  455B,  p.  1079-1086,  1957. 

107.  Davis,  A. I.,  Harding,  M.P.  and  Robinson,  P.M.,"The  Densities  of  Some  Zinc- 
Aluminum  Alloys, "Mater.  Scl.  and  Eng.,  15,  1,  p.  67-73,  1974. 

108.  Desch,  C.H.  and  Smith,  B.S. , "Interim  Report  of  the  Density  of  Molten  Steel," 
J.  Iron  Steel  Inst.,  CXIX,  1,  p.  358-363,  1929. 

109.  Dillon,  I.G.,  Nelson,  P.A.  and  Swanson,  B.S. ."Measurement  of  Densities  and 
Estimation  of  Critical  Properties  of  Alkali  Metals,"  J.  Chem.  Phys.,  44,  11, 
p.  4229-38,  1966. 

110.  Even,  U.  and  Iostner,  I., "Density  and  Electrical  Conductivity  of  Expanded 
Mercury  and  Dilute  Mercury- Indium  Alloys, "Philos.  Mag.,  30,  2,  p.  325-34, 
1974. 

111.  Flemr,  V.,  Beranek,  M.  and  Vesely,  I., "Density  of  Liquid  Aluminum  and  the 
Alloys  Al-11.7  wt%  Si-Sb," VlSCHT  Praze,  B  18,  p.  157-64,  1974. 

112.  Froberg,  M.B.  and  Weber,  R., "Density  Measurements  on  Iron-Cobalt  and  Iron- 
Copper  Alloys,"  Arch.  Eisenhuttenw. ,  35,  9,  p.  877-883,  1964. 

113.  Furtig,  M. , "Absolute  Measurement  of  the  Density  of  Mercury  in  ASMW,"  Exp. 
Techn.  Phys.,  21,  6,  p.  521-34,  1973. 

114.  Gamer tsf elder,  C., "Atomic  Distributions  in  Liquid  Elements," J.  Chem.  Phys., 
9,  p.  450-457,  1941. 

115.  Gebhardt,  E.,  Becker,  M.  and  Dorner,  S.,"The  Properties  of  Molten  Metals, 
VIII.,  The  Density  of  Liquid  Aluminum  and  Several  Aluminum  Alloys,"  Z. 
Metallk,  44,  12,  p.  573-75,  1953. 

116.  Gebhardt,  E.  and  Dorner,  S., "Density  and  Specific  Volume  of  Liquid  and  Solid 
Gold-Silver  Alloys,"  Z.  Metallk,  42,  12,  p.  353-8,  1951 

117.  Greenaway,  H.T.,"The  Surface  Tension  and  Density  of  Pb-Sb  and  Cd-Sb  Alloys," 
J.  Inst.  Met.,  74,  3,  p.  133-48,  1947. 

118.  GrosBe,  A.V.,"A  Comparison  of  Recent  Experimental  Measurements  of  the  Den¬ 
sity  and  Critical  Properties  of  Liquid  Rubidium  and  Cesium  with  Previous 
Estimates  Based  on  a  General  Relationship  Between  Chenge  in  Density  and 
Critical  Temperatures  of  Metals,"  J.  Inorg.  Nuel.  Chem.,  28,  8  p.  1757-60, 


57 


119.  Grosse,  A. V. ."Densities,  Volumes,  Expansion  Coefficients  and  Atomic  Cell 
Dimensions  of  Metallic  Mercury  for  Its  Entire  Solid  and  Liquid  Temperature 
Range,  i.e.,  from  Zero  Absolute  to  Its  Critical  Points  (1733°K),"J.  Inorg. 
Nucl.  Chem. ,  27,  p.  773-86,  1965. 

120.  Grosse,  A.V.  and  Cahill,  J.A.,"The  Density  of  Liquid  Beryllium  from  Its 
Melting  Point  (1556°K)  to  2200°K  and  Its  Expansions  on  Melting,"  Trans,  of 
Amer.  Soc.  Metals,  57,  p.  739-42,  1964. 

121.  Grosse,  A.V.  and  Kirshenbaum,  A.D.,"The  Density  of  Liquid  Iron  and  an  Esti¬ 
mate  of  Their  Critical  Temperature,"  J .  Inorg.  Nucl.  Chem.,  ^5,  4,  p.  331- 
34,  1963. 

122.  Grosse,  A.V.  and  Kirshenbaum,  A.D.,  "The  Temperature  Range  of  Liquid  Lead 
and  Silver  and  an  Estimate  of  Their  Critical  Constants,"  J.  Inorg.  Nucl. 
Chem.,  24,  6,  p.  739-48,  1962. 

123.  Hogness,  T.R.,  "The  Surface  Tensions  and  Densities  of  Liquid  Mercury,  Cad¬ 
mium,  Zinc,  Lead,  Tin  and  Bismuth,"  J.  Amer.  Chem.  Soc.,  43^,  p.  1621-28, 
1921. 

124.  Keneshea,  F.J.,  Cubiciotti,  D.J.,  "Volume  Effects  on  Mixing  in  the  Liquid 
Bi-BeCl 3  System,"  J.  Phys.  Chem.,  62,  7,  p.  843-7,  1958. 

125.  Keskar,  A.R.  and  Hruska,  S.J.,  "Densities  of  Molten  Bi-Te  Alloys,"  Metall. 
Trans.,  1,  8,  p.  2357-59,  1970. 

126.  Kirshenbaum,  A.D.  and  Cahill,  J.A.,  "The  Densities  of  Liquid,  Nickel  and 
Cobalt  and  Estimate  of  Their  Critical  Constants,"  Trans,  of  A.S.M.,  56, 
p.  281-86,  1963. 

127.  Kirshenbaum,  A.D.  and  Cahill,  J.A.,  "Density  of  Liquid  Iron  from  the  Melt¬ 
ing  Point  to  2500°K, "  Trans.  Metall.  Soc.  AIME,  224,  4,  p.  816-19,  1962. 

128.  Kirshenbaum,  A.D.  and  Cahill,  J.A.,  "The  Density  of  Liquid  Antimony," 

Trans,  of  ASM,  55,  1,  p.  849-52,  1962. 

129.  Kirshenbaum,  A.D.  and  Cahill,  J.A.,  "The  Density  of  Liquid  Tin  from  Its 
Normal  Boiling  Point  to  Its  Normal  Boiling  Point  and  an  Estimate  of  Its 
Critical  Constants,"  Trans,  of  ASM,  55,  1,  2,  p.  844-48,  1962. 

130.  Kirshenbaum,  A.D.  and  Cahill,  J.A.,  "The  Density  of  Liquid  Lead  from  the 
Melting  Point  to  the  Normal  Boiling  Point,"  J.  Inorg.  Nucl.  Chem.,  22, 

1/2,  p.  33-8,  1961. 


58 


I 

131.  Kleram,  W. ,  Spiltzer,  H.  and  Niermann,  H.,  "Investigation  of  Several  Semi- 
metals,"  Angew.  Chem. ,  72,  24,  p.  985-994. 

132.  Korber,  K.  and  Lohberg,  K.,  "Surface  and  Interfacial  Energies  of  Aluminum- 
Silicon  Melts,",  Giesserei  for  schung.,  ^3,  4,  p.  173-77,  1971. 

133.  Roster,  H.,  Hensel,  F.  and  Franck,  E.U.,  "Density,  Compressibility  and 
Thermal  Expansion  of  Liquid  Gallium  up  to  600°C  and  2500  bars,"  Ber.  Buns. 
Ges.  Phys.  Chem.,  74,  1,  p.  43-6,  1970. 

134.  Kozakevitch  P.,  and  Urbain  G.,  "Surface  Tension  of  Liquid  Platinum  at 
1800°C,"  Comptes  Rendus,  253,  20,  p.  2229-31,  1961. 

135.  Kozakevitch,  P.  and  Urbain,  G.,  "Surface  Tension  of  Pure  Liquid  Iron, 

Cobalt  and  Nickel  at  1550°C,"  J.  Iron.  Steel  Inst.,  186,  p.  II,  p.  167-73, 

.1957. 

136.  Krause,  W.  and  Sauerwald,  F.Z.,  "The  Density  of  Liquid  Gold  and  Liquid  Gold- 
copper  and  Silver-copper  Alloys,"  Zeits.  f.  Anorg.  Allgem.  Chem.,  181,  p. 
347-52,  1929. 

137.  Krysko,  W.  W.,  "Determination  of  the  Density  of  Lead  Oxide,"  Trans.  Met. 

Soc.  AIME,  224,  4,  p.  819-21,  1962. 

138.  Lauermann,  I.  and  Metzger,  G.,  "Density  Measurements  XII.  The  Density  of 
Molten  Silver  and  Silver-Tin  Alloys,"  Z  .  Phys.  Chem.,  216B,  (1/4),  p.  377- 
41,  1961. 

139.  Logan,  R.A.  and  Bond,  W.Z.,  "Density  Change  in  Silicon  Upon  Melting,"  J. 
Appl.  Phys.,  30,  3,  p.  322-324,  1959. 

140.  Lucas,  L.D.,  "Density  of  Metals  at  High  Temperatures  (in  the  Solid  and 
Liquid  States),"  p.  2,  Mem.  Sci.  Rev.  Met.,  69,  6,  p.  479-92,  1972. 

141.  Lucas,  L.D.,  "Density  of  Metals  at  High  Temperatures  (in  the  Solid  and 
Liquid  States) 

142.  Lucas,  L.D.,  ""Density  of  Lead  in  the  Liquid  State  Between  330°C  and 
1550°C,"  C.r.  Acad.  Sci.,  258C,  12,  p.  1081-84,  1969. 

143.  Lucas,  L.D.,  "Specific  Volume  of  Liquid  Metals  and  Alloys  at  High  Tempera¬ 
tures,"  Mem.  Sci.  Rev.  Met.,  61^,  1,  p.  1-24,  1964. 

144.  Lucas,  L.D.,  "Specific  Volume  of  Liquid  Metals  and  Alloys  at  High  Tempera¬ 
tures,"  Mem.  Sco.  Rev.  Met.,  61,  2,  p.  97-116,  1964. 


145.  Lucas,  L.D.,  "Density  of  Silver,  Copper,  Palladium  and  Platinum  In  the 
Liquid  State,"  Compt.  Rend,  27,  p.  2526-28,  1961. 

146.  Lucas,  L.D.,  "Density  of  Iron,  Nickel  and  Cobalt  In  the  Liquid  State," 

C.r .  Acad.  Sci.  Compt.  Rend.,  250.  10,  p.  1850-52,  1960. 

147.  Lundin,  C.E.,  Gamamoto,  A.S.  and  Nachman,  J.F.,  "Studies  of  Solution  Ideal¬ 
ity  in  the  Praseodymium-Neodymium  System,"  Acta  Met.,  13,  p.  149-54,  1965. 

148.  Mack,  G.L.,  Davis,  J.K.  and  Bartel,  F.E.,  "The  Boundary  Tension  of  Gallium," 
J.  Phys.  Chem.,  45,  5,  p.  846-51,  1941. 

149.  Martin-Garin  L.,  Gomez,  M.,  Bedon,  P.  and  Desre,  P.,  "Volumetric  Mass  of 
Silver,  Germanium,  and  Silver-Germanium  Alloys  in  the  Liquid  State,"  J.  Less 
Common  Metals,  41,  1,  p.  65-76,  1975. 

150.  Martinez,  J.  and  Walls,  H.A.,  "Density  of  Liquid  Thallium,"  Met.  Trans.',  4, 

5,  p.  1419-21,  1973. 

151.  Maurakh,  M.A.,  "Surface  Tension  of  Titanium,  Zirconium,  and  Vanadium,"  Trans. 
Indian  Inst.  Met.,  14,  p.  209-25,  1961. 

152.  McGonigal,  P.J.,  Cahill,  J.A.  and  Kirshenbaum,  A.D.,  "The  Liquid  Range  Den¬ 
sity  Observed  Normal  Boiling  Point  and  Estimated  Critical  Constants  of  In¬ 
dium,"  J.  Inorg.  Nucl .  Chem.,  24,  8,  p.  1012-13,  1962. 

153.  McGonigal,  P.J.,  Kirshenbaum,  A.D.  and  Grosse,  A.V.,  "The  Liquid  Temperature 
Range  Density  and  Critical  Constants  of  Magnesium,"  J.  Phys.  Chem.,  66,  4, 
p.  737-40,  1962. 

154.  Metzger,  G.,  "Surface  Tension  Measurements.  VII.  "The  Temperature  Depend¬ 
ence  of  the  Surface  Tension  of  Copper,  and  the  Surface  Tension  of  Molten 
Silver-lead,  Silver-bismuth,  and  Copper-lead  Alloys,"  Z.  Physik.  Chem., 

211  (1/2),  p.  1-25,  1959. 

155.  Nagamori,  M. ,  "Density  of  Molten  Ag-S,  Cu-S,Fe-S  and  Ni-S  Systems,"  Trans. 
AIME,  245,  p.  1897,  1969. 

156.  Nakajima,  H,,  "Densities  of  Binary  Liquid  Cd,-In,-Sn,-  and  Sb-Ag.  Alloys., 
Trans.  Jap.  Inst.  Metals,  1_5,  4,  p.  301-03,  1974. 

157.  Niicker,  N.,  "Density  of  Liquid  Bismuth  and  Lead,"  Z.  Angew.  Phys.,  27,  1, 
p.  33-5,  1969. 

158.  Of ter,  D.  and  Wittenberg,  L.I.,  "Viscosity-Composition  Relationships  in 
Molten  Plutonium-Iron  Alloys,"  Trans,  of  the  ASM,  57,  p.  916-24,  1964. 


159. 


Pelzel,  E.,  "The  Surface  Tension  of  Molten  Metals  and  Alloys,"  II. -Berg, 
and  Huttenw.  Monats.  Montanistis  Hochschule  in  Leoben,  99,  1,  p.  10-17, 
1949. 

160.  Ptak,  W.  and  Kucharki,  M. ,  "Density  of  Liquid  Zn-Cd  and  Cd-Bi  Alloys," 

Arch,  hutn,  19,  1,  p.  71-86,  1974. 

161.  Rohr,  W.G.,  "The  Liquid  Densities  of  Cerium  and  Neodymium  Metals,"  J. 

Less  Common  Metals,  10,  6,  p.  389-91,  1966. 

162.  Saito,  T.  and  Sakuma,  Y.,  "Densities  of  Pure  Iron,  Cobalt,  Nikel  in  the 
Molten  State,"  Sci.  Repts.  Res.  Inst.  Tohoku  Univ.,  122,  1,  p.  57-65, 

1970. 

163.  Saito,  T.  and  Sakuma,  Y.,  "Densities  of  Pure  Iron,  Cobalt  and  Nikel  in 
the  Molten  State,"  J.  Jap.  Inst.  Met.,  .H,  10,  p.  1140-1144,  1967. 

164.  Saito,  T.,  Shiraishi,  Y.  and  Sakuma,  Y.,  "Density  Measurement  of  Molten 
Metals  by  Levitation  Technique  at  Temperatures  Between  1800  and  2200°C," 
Trans.  Iron  and  Steel  Inst.  Jap.,  9,  2,  p.  118-26,  1969. 

165.  Schneider,  A  and  Heymer,  G. ,  "The  Temperature  Dependence  of  the  Molar 
Volume  of  the  Phase  NaTl  and  LiCd,"  Z.  Anorn.  Allgem.  Chem.,  286,  3-4, 
p.  118-35,  1956. 

166.  Schneider,  A.,  Stauffer,  A.  and  Heymer,  G.,  "Density  of  Liquid  Metals  and 
Alloys,"  Naturwissenschaf ten,  41_,  14,  p.  326-27,  1954. 

167.  Stott,  V.H.  and  Rendall,  J.H.,  "The  Density  of  Molten  Iron,"  J.  Iron.  Steel 
Inst.,  175,  4,  p.  374-78,  1953. 

168.  Strauss,  S.W.,  "The  Temperature  Dependence  of  the  Density  of  Liquid  Metals, 
Nuclear  Science  and  Engineering,  .18,  2,  p.  280-85,  1964. 

169.  Taylor,  I.W.,  "The  Surface  Energy  of  the  Sodium,"  J.  Inst.  Metals,  83>,  4, 
p.  143-52,  1954. 

170.  Taylor,  I.W.,  "The  Surface  Energies  of  the  Alkali  Metals,"  Phyl .  Mag.,  46, 
(379),  p.  867-76,  1955. 

171.  Thresh,  H.R.,  "Density  of  Molten  Zinc  and  of  Some  Zinc  Alloys,"  J.  Inst. 
Metals,  96,  10,  p.  308-13,  1968. 

172.  Thresh,  H.R.,  Crawley,  A.F.  and  White,  D.W.G.,  "The  Densities  of  Liquid  Tin 
Lend  and  Tin- Lend  Alloys,"  Trans.  Met.  Soc.  AIME,  242,  5,  p.  819-22,  1968. 


61 


173.  Williams,  D.D.  and  Miller,  R.R.,  "Densities  of  Liquid  and  Solid  Indium," 
J.  Amer.  Chem.  Soc.,  _72>  8,  p.  3821,  1950. 

174.  Wobst,  M.,  "Surface  Tension  and  Density  of  Molten  Alloys  of  the  Binary 
System  Tellurium-Selenium,  with  Simultaneous  Consideration  of  the  Mis¬ 
cibility  gap  and  bonding,"  Wiss.  Z.d.  Techn.  Hochsch.  Karl-Marx  Stadt, 
12,  4,  p.  393-414,  1970. 


LOW-TEMPERATURE  CHARACTERISTICS  OF  THE  WIEDEMANN-FRANZ 
LAW  IN  AGING  ALLOYS 
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Yu.  I.  Beletskii,  Yu.  I.  Samsonov,  and  V. 
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NOMENCLATURE 

=  Lorenz  number 
=  Lorenz  number  for  state  I 
=  Lorenz  number  for  state  II 
=  thermal  conductivity 
=  thermal  conductivity  for  state  I 
=  thermal  conductivity  for  state  II 
=  electronic  thermal  conductivity 
=  phonon  thermal  conductivity 
=  total  electronic  thermal  resistivity 
=  intrinsic  electronic  thermal  resistivity 
=  lattice  defect  electronic  thermal  resistivity 
=  temperature 
=  parameter  in  eq.  (2) 

=  residual  electrical  resistivity 
=  electrical  resistivity  for  state  I 
=  electrical  resistivity  for  state  II 
=  electrical  conductivity 
=  electrical  conductivity  for  state  I 
=  electrical  conductivity  for  state  II 
=  Debye 

=  parameter  in  eq.  (3) 

*  parameter  in  eq.  (3) 
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LOW-TEMPERATURE  CHARACTERISTICS  OF  THE  WIEDEMANN-FRANZ 
LAW  IN  AGING  ALLOYS 


The  physical  properties  of  high  strength  structural  steels  of  type  Fe  + 

26.6  Ni  +  1.8  A1  +  2  Ti  +  0.4  Nb  +  0.03  C,  wt.  %,  can  vary  widely  above  room 
temperature  [1,2].  At  low  temperatures,  the  investigation  of  these  alloys  is 
of  interest  with  respect  to  studying  their  promise  as  cryogenic  materials. 

An  investigation  of  the  thermal  and  electrical  conductivity  of  the  alloy 
N27YU2T2B  in  the  range  of  4.2  to  200  K,  in  two  structural  states,  is  presented 
in  this  work.  According  to  magnetic  measurements  data,  state  I  is  approximately 
84%  martensite  (a  phase  bcc  lattice),  obtained  from  a  homogeneous  austenite 
(quenched  in  water  from  1000°C)  cooled  down  to  77°K,  and  16%  remaining  austenite. 
The  size  of  the  martensite  crystals  and  portions  of  the  residual  austenite  (crys¬ 
tals)  equal  approximately  1  pm.  The  hardness  of  the  investigated  structure 

is  approximately  250  kg/mm2;  the  coercive  force,  20  0,  pT  ,  4.18  x  10~5  ohm*cm. 

U.2K 

State  II  appears  to  be  a  highly  dispersed  austenite-magnetite  structure, 
providing  high  strength  and  ductility.  This  state  is  achieved  by  a)  uniform 
tempering  of  austenite  at  650°C  for  6  hours  during  which  the  austenite  decom¬ 
poses  and  the  particle  9‘-phase  (Ni3Ti,  fee)  forms  with  the  characteristic  size 

O 

of  100  A,  depleting  the  solid  solutions  of  Ni  and  Ti;  b)  the  cooling  down  to 
77  K  during  which  the  martensite  structure  forms;  c)  tempering  at  550°C  for 
one  hour  which  is  accompanieo  by  an  inverse  transformation  simultaneous 

O 

with  the  formation  in  a-phase  of  particles  of  size  of  approximately  50-100  A 
of  n-phase  (NijTi  hep)  [2]  and  also  particles  of  phase-hardened  austenite  with 

O 

high  dislocation  density,  v  *  500  A.  As  a  result  of  the  highly  dispersed  struc¬ 
ture,  the  alloy  is  composed  from  the  a  +  Y  +  0  +  Y '  +  Yph  phase.  In  accord  with 
the  data  of  the  magnetometer  measurements,  the  a  phase  consists  of  approximately 
62%,  the  Yp^-phase  of  22%,  and  the  Y~phase  of  16%.  The  hardness  of  the  alloy 
in  state  II  equals  approximately  600  kg/mm2,  the  coercive  force,  140  o;  , 

3.8  x  10-5  ohm*cm. 

The  value  of  L  =  kg/T  for  the  structural  states  I  and  II  of  the  alloy  was 
determined  by  measuring  the  thermal  conductivity  k  and  the  electrical  conduc¬ 
tivity  O  from  4.2-100  K.  The  value  of  kg  was  determined  by  the  relation  [3] 


k  *  k  +  k 
e  p 


(1) 
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where 


k 

e 


U 

e 


Po 

-  lt  +  bt 


2 


Here  *  BT2  and  W0  =  P0/LT  determine  the  thermal  resistivity  due  to  the  scat¬ 
tering  of  electrons  by  phonons  and  the  scattering  of  electrons  by  crystal  lattice 
defects  and  impurities,  kg  and  kp  correspond  to  electron  and  phonon  thermal 
conductivity;  p0,  the  residual  resistivity  (in  this  case  p4>2j();  I*,  the  Lorentz 
number;  B,  a  constant  characterizing  the  electron-phonon  interaction  for  the 
given  material. 


For  numerical  estimates  of  and  W„,  one  can  make  use  of  the  value  of 
L0  for  iron  which  is  approximately  2.3  x  10“8  watts *ohm/deg2  [3].  The  magnitude 
of  B  is  determined  by  the  measured  data  of  the  thermal  conductivity  of  very 
pure  iron  (B  ~  10-1*  cm/deg*watt  [3]).  However,  one  must  note  that  for  very 
pure  materials,  B  can  vary  by  30-40%  [4].  When  T  =  100  K,  W^/W,,  ~  10-2  (for 
"impure"  materials) .  This  ratio  decreases  with  decreasing  temperature  in  pro¬ 
portion  to  T3,  i.e.,  phonon  scattering  can  be  neglected  in  the  investigated 
temperature  range  and  it  can  be  assumed  that  l/kg  *  Wg  »  W0 .  In  this  case  most 
of  the  heat  flow  is  due  to  the  phonons.  For  example  when  T  *  100  K,  =  0.06 

watts/cm  degree  and  k  ~  0.04  watts/cm  degree.  When  W„  >>  W.  and  k  ^  k  in 

e  0  i  6  p 

accord  with  ref.  [3],  the  kg  can  be  separated  from  k  with  sufficient  reliability. 

The  obtained  temperature  dependence  of  L  for  the  investigated  alloys  is 
shown  in  the  diagram.  The  parameters  k£  and  0  were  measured  at  different  tem¬ 
peratures  on  identical  samples.  In  order  to  calculate  L(T)  by  the  smoothed 
function  method,  kg(T)  and  o(T)  were  taken  from  values  at  fixed  temperatures 
over  small  intervals.  From  4.2  K  to  50  K  we  see  that  with  increasing  tempera¬ 
tures  L  not  only  can  decrease,  but  also  can  increase,  passing  through  a  maximum. 


The  possibility  of  the  appearance  of  a  maximum  in  the  relation  L(T)  for 
the  alloy  in  state  I  at  low  temperatures  is  in  accord  with  the  theoretical  pres¬ 
entation  in  refs.  [5,6].  The  maximum  is  due  to  the  inelastic  scattering  of 
impurity  electrons  caused  by  quasi-local  oscillations  and  interferences  by  scat¬ 
tered  electrons  on  the  lattice  phonon  spectra  and  on  impurity  ions.  Taking 
into  account  these  facts  in  ref.  [5]  for  L(T)  one  can  get  the  expression 


L(T) 


1  +  B, 


Temperature  Dependence  of  Electrical  Resistivity  p 
Thermal  Conductivity  K,  and  Lorenz  Number  L  of  a 
Maraging  Alloy. 


Here  and  S2  depend  on  the  concentration  of  impurities,  the  difference  in 
mass  of  the  impurities  and  the  base  ions  and  also  on  the  change  in  the  ampli¬ 
tude  of  the  electron  scattering,  which  results  from  the  introduction  of  the 
impurities.  This  change  can  have  both  negative  and  positive  values. 

The  depletion  of  the  solid  solution  of  Ni  and  Ti  due  to  the  separating  of 
the  n  and  y1  phases  [2]  and  the  absence  of  a  maximum  of  L(T)  are  the  basis  for 
proposing  that  the  softened  phonon  spectra  of  Fe  in  the  given  alloy  can  be  caused 
by  the  introduction  of  Ni  and  Ti  (not  excluding  the  influence  also  of  Nb,  how¬ 
ever,  its  explanation  requires  further  investigation).  Apparently,  the  possi¬ 
bility  of  plotting  L(T)  for  complex  alloys  at  low  temperatures  must  employ 
reliable  characteristic  states  with  small  additions  (approximately  10-1%)  of 
impurities,  creating  the  quasi-local  oscillations  in  the  lattice,  which  have 
not  been  possible  to  represent  by  other  methods. 

Depletion  of  the  material  based  on  Fe  and  state  II  confirms  that  in  the 
investigated  interval  <a  and  k^.  >  kjj.  The  inequality  o  <  o  is  caused 
by  the  fact  that  the  separation  in  state  II  of  the  n  and  y1  phases  reduces  the 
Coulomb  scattering  of  electrons  and  accordingly  increases. 

On  the  other  hand,  at  liquid  helium  temperatures  the  wavelength  of 
phonons  approximates  the  size  of  the  n  and  y1  phases  (^50-100  A)  and  phonon 
scattering  becomes  significant.  Because  kp  >  kg  this  effect  is  more  signifi¬ 
cant  than  the  increase  in  k£  due  to  the  reduction  of  electron  scattering. 

Thus,  as  a  result  of  structural  properties,  k^  relative  to  kj.  somewhat 
decreases,  but  0  increases.  This  is  the  principal  observation  since  it  attests 
to  the  possibility  of  changing  the  thermal  and  electro-physical  properties  of 
the  alloy  with  the  aid  of  specific  structural  states. 

We  conclude  that  due  to  their  own  thermophysical  properties,  the  aging 
alloys  investigated  can  successfully  compete  with  the  best  classical  cryomater- 
ials. 
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RELATION  OF  THE  THERMOPHYSICAL  PROPERTIES  OF 
LOW-ALLOY  STEELS  TO  TEMPERATURE 
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Low  alloy  steels  are  used  extensively  in  many  different  fields  of  industry, 
particularly  power  engineering.  In  order  to  determine  the  temperature  distri¬ 
bution  and  heat  flow  in  elements  of  power  equipment,  one  must  consider  the  tem¬ 
perature  dependence  of  the  thermophysical  coefficients  of  the  applicable  materials. 

Because  of  the  complex  mathematical  description  of  most  real  problems,  their 
solution  is  often  worked  out  with  the  help  of  a  computer.  The  current  practice 
of  presenting  the  raw  reference  data  in  numerical  tables  in  carrying  out  calcu¬ 
lations  on  a  computer  is  not  the  best.  A  more  convenient  presentation  of  the 
data  is  in  analytical  form.  By  processing  the  tabular  data  given  in  ref.  [1], 
formulas  were  derived  which  characterize  the  temperature  dependence  of  the  thermo- 
physical  parameters  of  the  more  useful  low  alloy  steels.  For  completeness. 

Table  1  Includes  the  chemical  composition  of  the  steels,  the  critical  phase 
transition  points,  and  the  heat  treatment  regimes. 

The  behavior  of  the  investigated  functions  is  such  that  it  cannot  be  described 
by  a  single  equation  for  the  entire  temperature  range  from  0°C  up  to  1100-1300°C. 
Therefore,  this  interval  was  broken  into  2-3  segments,  each  with  its  own  formula. 
The  expressions  obtained  for  the  coefficients  of  thermal  conductivity  (Table  2), 
specific  heat  (Table  3),  density  (Table  4),  and  thermal  diffusivity  (Table  5) 
can  be  used  for  solving  appropriate  problems  on  a  computer. 
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TABLE  2.  RELATIONS  OF  THE  TEMPERATURE  DEPENDENCE  OF 
THERMAL  CONDUCTIVITY  OF  LOW  ALLOY  STEELS 

ft,  in  °C  and  Xj  in  watts/meter  °c] 


Alloy 

Deaianatlona 

Equation 

Applicable 
Temp.  Range 

Remarks 

ISM 

Xj  -  47.5  -  2.23  •  10-*  t  +  0.0344  •  HT*  t* 

100  <t  <900 

-3.9 

400 

- 

20  M 

Xj-  46.6  -  1.80  •  10"*  t  -  0.0156  -lO"*  t* 

100  <t  <900 

-2.5 

600 

- 

12  MKh 

Xj  =  43. 1  -  1. 10  •  10"*  t  -  0.0406  •  10-*  t* 

20  <t  <900 

-2.0 

300 

Xtss  -  36.4 

ISKhM 

Xj-  45.2  -  1.85  "HT*  t  -  0.0031  •  HT*  t* 

100  <t  <900 

-3.9 

400 

X.m-37.2 

20  KhM 

Xj-  45.2  -  1.85  -10"*  t  -  0.0031  •  10*<  t* 

100  <t  <900 

-3.9 

400 

Xm,  »  37.2 

12  KhMF 

Xj  =  45.2  -  1.85  •  10"*  t  -  0.0031  •  HT*  t* 

100  <t  <900 

-3.9 

400 

X,«  =  37.2 

ISKhF 

Xt  -45.0+  0.40  •  HT*  t  -  0. 3670  •  10"*  t* 

100  <t  <700 

1.5 

600 

- 

30  Kb 

Xj  “  48.9  -  2.35  •  Hr*  t  -  0.0630  *Ur*t* 

20  <  t  <  800 

-2.4 

300 

- 

30  Kh 

Xj  »  20.8  +  0.48  •  l<r*  t  +  0.0222  •  HT*  t* 

800  <t  <1100 

1.0 

900 

- 

10  Kh2MF 
(El  531) 

Xt»  37.0+  1.75  •  HT*  t  -0.4130  •  HT*  t1 

100  <t  <700 

2.7 

200 

-  27.3 

10  Kh2MB 
(El  454) 

Xt  =  35.0  =■  1. 75  •  10-*  t  -  0. 3860  •  HT*  t* 

100  <t  <700 

-2.8 

700 

Xmc  =  27.  3 

25  Kh2MF 
(El  10) 

Xj  =  41. 1  +  1.20  •  10-*  t  -  0.4  *  HT*  t* 

100  <t  <400 

1.2 

200 

- 

12  Kh2N 
(El) 

Xj  =  63. 7  -  7.  «5  •  10-*  t  +  0. 4  •  10-*  t* 

500  <t  <900 

-1.2 

600 

^n-m  -  33 

25  N3 

Xj  -  36.3  -  7.65  •  HT*  t  +  0.4  •  HT*  t* 

20  <  t  <  800 

2.9 

500 

- 

25  N3 

Xj  =  -3.3  +  5. 10  •  1(T*  t  -  0.2  •  l®*4  t* 

800  <t<  1100 

-1.8 

800 

- 

30  KhN3 

Xj  «  34.4  +  1.95  •  1CT*  t  -  0.3740  •  11T*  t* 

20  <t  <800 

-2.4 

600 

- 

30  KhN3 

Xt  »  36. 5  -  2.90  ■  HT*  t  +  0.2  ■  10"*  t* 

800  <t<  1100 

1.0 

BOO 

- 

35  KhN3 

Xj  =  33.3  »  2.92  •  HT*  t  -  0. 5390  •  10"*  t* 

100  <t  <  700 

-2.0 

500 

X»h  =  27.9 

20  KhMF 
(E  14) 

Xt  =  38. 1  -  0.265  •  HT*  t  -  0. 131  •  10**  t* 

20  <t  <800 

3.5 

700 

Xm  3  27. 1 

40  Kh3M 

Xt  »  37.4  -  0.0284  •  HT*  t  -  0. 1610  •  10"*  t* 

100  <t  <700 

-2.5 

300 

- 

20  Kh3FVM 

Xj  »  30.4  +  2. 10  •  HT*  t  -  0.3330  •  10"*  t* 

100  <t  <  700 

1.3 

600 

- 

12  KhSSMA 

Xj  =  25.9  +  3.82  •  HT*  t  -  0.5570  •  10"*  t* 

100  <t  <600 

3.7 

200 

- 

12  KhSSMA 

Xj  »  54.3  -  8.80  •  10"*  t  -  0.4  •  10"*  t* 

600  <t  <900 

1.6 

800 

- 

30Q2 

X,  =  45.8  -  0.835  •  10"*  t  -  0. 147  •  1CT*  t* 

200  <t  <800 

4.1 

700 

- 

30  G2 

Xj  «  144. 1  -  24.3  •  10"*  t  +  1.250  •  10"*  t* 

BOO  <t  <1100 

3.9 

900 

- 

50S2G 

X(  >  26. 1  +  2.85  •  HT*  t  -  0.41  •  10"*  t* 

20  <t  <500 

-3.2 

500 

- 

50  S2G 

X(  »  61.0  -  8.22  •  l<r*  t  +  0.48  ■  10"*  l* 

500<t  <1100 

-4.0 

600 

- 

30  KhGS 
(El  172) 

Xj -  44.4  -  1.96  -  HT*  t  +  0.061  •  10"*  t* 

200  <t  <800 

1.8 

300 

Xioo  “  37.2 

Ana*  "** 1  correapond  to  the  maximum  errors  In  the  equations  when  compared  with  the  original 
tabulated  data  and  their  corresponding  temperatures. 


TABLE  4.  TEMPERATURE  DEPENDENCE  OF  THE  DENSITY  OF 
LOW  ALLOYS  STEELS 


Alloy 

Designation 


[Temperature  t,  °C;  Density  pt  in  g/cm3] 
Mathematical  Formulas 


Applicable  Temp 


15  M 

pt  =  7. 85  -  0. 0442  •  10“2  t  +  0. 000834  •  10“4  t2 

0  s  t  S 600 

12  MKh 

pt  =  7.819  -  0. 0303  •  10”2  t  -  0. 000667  •  lOT4  t2 

Ost  s 700 

15  KhM 

pt  =  7. 85  -  0. 0454  •  10“2  t  +  0. 00122  •  10-4  t2 

0  sts600 

15  KhF 

pt  =  7. 763  -  0. 0005  •  10-2  t  -  0. 00395  •  10“4  t2 

0sts700 

30  Kh 

pt  =  7. 847  -  0. 0342  •  10“2  t  +  0. 0002  •  10"4  t2 

0  S  t  S  1001 

30  N3 

pt  =  7. 859  -  0. 0323  •  10“2  t  +  0.  0001  •  10“4  t2 

0  St  £100! 

30  KhN3 

pt  =  7. 851  -  0. 0303  •  10“2  t  -  0.  00026  •  HT4  t2 

0  st  s  1001 

30  G2 

pt  =  7.854  -  0. 0354  •  10“2  t  +  0. 00032  - 10“4  t2 

0  st  ^  1001 

50S2G 

p.  =  7. 729  -  0. 03  •  10“2  t  -  0. 00038  •  10~4  t2 

0  St  S1001 

NOTE:  for  the  given  formulas  do  not  exceed  1% 


